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GENERAL INTRODUCTION 
 
 
 
1.1 General 
   In short, cellulose is the most abundant polymer in nature. It is the principal ingredient of 
woody plants, which makes the diversity of its applications range from housing to paper and 
textiles. Arguably, it is one of the most influential chemical compounds in the history of 
human culture. 
   Basing an entire doctoral thesis on one compound alone might seem a trivial undertaking. 
Even when regarding the ubiquity and the great industrial potential of cellulose, its scientific 
impetus has remained vague to a considerable number of modern scientists. Cellulose is, it is 
true, a linear polymer of repeating, painstakingly similar carbohydrate units with a molecular 
structure that was resolved nearly 80 years ago. For a casual observer, the challenges raised 
by, for example, papermaking appear primarily as engineering problems, not scientific 
dilemmas. This is, however, a gross generalisation. From purely a fundamental point of view, 
the supramolecular structure of cellulose in any form has been subject to debate for nearly a 
century, and despite the recent breakthroughs much is yet to be unravelled, such as the nature 
of amorphous cellulose.  
   Although the bulk of cellulose research published is still very much of an applied nature, 
the more fundamental aspects have always been there and, at present, they are gathering more 
and more interest. Like with any line of production, the importance of basic research has been 
acknowledged even by the rather conservative pulp and paper industry. The industrial 
applications of cellulose constantly generate questions of scientific nature for organic, 
physical and macromolecular chemists. 
   Organic chemists, for instance, examine cellulose as a molecule of potentially reactive 
functional groups. This approach can be applied to cellulose’s capabilities as a backbone for 
synthetic derivatives. It is also important when one investigates what kind of reactions are 
taking place during, for instance, bleaching of wood pulp. Physical chemistry of cellulose, on 
the other hand, is concentrated on the surface properties of cellulose: how the surface acts as 
an adsorbate for e.g. surfactants or polyelectrolytes, how does it interact with water, or how 
the cellulose surface behaves as a charged entity. There is an abundance of examples for 

    



Chapter 1 

applications of the physicochemical aspects, including bonding between fibres in 
papermaking or swelling of the amorphous cellulose matrix by water. Swelling, for one, is a 
phenomenon of fundamental importance in papermaking, synthetics, and textile industry. 
 
1.2 Molecular structure 
   Cellulose is a linear homopolymer composed of (1→4)-β-glucopyranose. The name 
cellulose was coined by Anselme Payen, a French chemist, physicist and mathematician. 
Already in 1838, he suggested that the cell walls of almost any plant are constructed of the 
same substance.[1]  It was not until the 20th century, however, some five years after Haworth’s 
discovery of the structure of cellobiose, the dimer of cellulose,[2] that the molecular structure 
was proposed by Sponsler and Dore in 1926.[3] Actually, Freudenberg had already suggested 
cellobiose as one of the main units (>60%) of cellulose as early as 1921.[4] The existence of 
cellobiose as the sole building block of cellulose was finally proved in 1930 by Haworth et 
al.[5] The work by Sponsler and Dore neglected some of the essential points of discussion, 
such as the chain arrangement, but it has, nevertheless, been the basis for practically any 
cellulose model ever since. 
   The basis of the cellulose structure is the chair-conformed anhydroglucose unit whose 
number determines the degree of polymerization. Furthermore, cellulose chain has a direction 
since the terminal groups on the chain ends are different: non-reducing end with closed ring 
structure and reducing end with aliphatic structure and a carbonyl group in equilibrium with 
cyclic hemiacetals (Figure 1).[6,7] 
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Figure 1. The structure of cellulose. Anhydroglucose is the monomer of cellulose, cellobiose 
is the dimer. The cellulose chain has a direction, the other end being a closed ring structure 
and the other being an aliphatic reducing end in equilibrium with cyclic hemiacetals. 
 
   There is a decisive distinction between cellulose and the monomer glucose. Glucose is a 
water-soluble carbohydrate with mutarotation of the hydroxyl group on the anomeric 
carbon,[8] whereas cellulose is an insoluble polymer with a rigid hydrogen bonding network. 
Virtually any property of glucose differs from cellulose. Already cellohexaose, consisting of 
six monomers, does not dissolve in water and the 13C NMR spectrum is close to that of 
cellulose.[9] Thirty anhydroglucose units is enough to represent the polymer ‘cellulose’ in its 
structure and properties. 
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1.3 Supramolecular structure 
   Crystalline cellulose comes in four different polymorphs named cellulose I, II, III, and IV. 
Cellulose I is the form found in nature and it occurs in two allomorphs, Iα and Iβ. Cellulose II 
is the crystalline form that emerges after re-crystallization or mercerisation with aqueous 
sodium hydroxide.[10-12] Cellulose II is thermodynamically the most stable crystalline form. 
Cellulose IIII and IIIII are obtained by a liquid ammonia treatment of cellulose I and II, 
respectively[13-15] and cellulose IV is a result from heating cellulose III,[13] the transformation 
being usually partial.[16] In addition, cellulose is found abundantly in amorphous form, usually 
incorporated with cellulose I.[17-19]  
   Controversially, the first published accounts on the supramolecular structure of native 
cellulose (cellulose I)[20] predate the determination of the molecular structure, only a year 
after von Laue’s discovery of X-ray diffraction[21,22] and in the same year as Bragg performed 
its first applications,[23] i.e. in 1913. It soon became evident that the supramolecular 
architecture offered big challenges compared with the relatively simple molecular structure of 
repeating anhydroglucose units. 
   The first proper model for cellulose I was proposed by Meyer and Mark in 1928[24] and 
updated by Meyer and Misch in 1937.[25] The unit cell to emerge out of those studies is still 
used today for educational and practical purposes. Slightly improved but controversial 
models were provided by electron diffraction in 1958.[26] The advances in computer 
modelling facilitated the new results in the mid-1970s by Gardner and Blackwell[27] and 
Sarko and Muggli,[28] using the least-squares refinement method in the X-ray analysis. They 
agreed that the packing of the chains is most probably parallel, i.e. that the chains in the same 
crystal are oriented in the same direction. However, disagreement reigned whether the lattice 
cell was monoclinic or triclinic. 
   A revolutionary discovery followed in 1984 when Atalla and Vanderhart revealed that the 
native cellulose I is actually a mixture of two allomorphs, Iα and Iβ.[29,30] Their research was 
prompted by the recent developments in high resolution solid state 13C NMR technique. At 
the same time, the dilemma of polarity was solved in favour of parallel packing in Cellulose 
I.[31,32] Cellulose Iα has a triclinic unit cell containing one chain, and cellulose Iβ has a 
monoclinic unit cell containing two parallel chains, as was confirmed by electron diffraction 
studies in the early 1990s.[33,34] Molecular dynamics calculations exposed that the most 
probable parallel packing for cellulose I is “parallel-up”.[35] This means that the bridging 
oxygen in the glucopyranose ring (O5) has a higher z coordinate than that of its nearest 
carbon (C5), i.e. that the reducing end is in the direction of the c-axis (Figure 2). The parallel-
up construction was verified with an electron microscopy survey by staining method of the 
reducing end for both Iα and Iβ.[36] 
 
   The distinction between cellulose I and cellulose II is highlighted in Figure 2. The dominant 
intra-chain hydrogen bond is that of O3-H---O5 which exists in both of the polymorphs. It is 
this hydrogen bond that is responsible for the rigid, linear shape of the single cellulose chain. 
The difference appears in the inter-chain bonding: the dominant hydrogen bond for cellulose 
I is the O6-H---O3 whereas cellulose II has it at O6-H---O2. Furthermore, cellulose II has an 
antiparallel packing whereas the chains in cellulose I run in parallel direction.[37-39] 
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Figure 2. The major supramolecular distinction of (a) cellulose I (native) and (b) cellulose II 
(re-crystallized). The hydrogen atoms are not indicated. The main intrachain hydrogen bond 
is that of O3-H---O5 for both polymorphs. Cellulose I has a O6-H---O3 intra-chain bond and 
whereas cellulose II has it at O6-H---O2 position. 
 
   The complete supramolecular description of the allomorphs of cellulose I was still under 
debate until Nishiyama et al. recently published the results of their elegant study by 
synchrotron X-ray and neutron diffraction: cellulose Iα [37] and cellulose Iβ [38] were resolved 
in 1 Å resolution. A similar study exists also for cellulose II.[12,39] 
 
   Cellulose Iα and Iβ are resolved in greater detail in Figure 3. In Iβ, there are two 
conformationally distinct chains in a monoclinic unit cell. Each chain lies on a P21 symmetry 
axis that requires adjacent glycosyl residues in the same chain to be identical. In Iα, there is 
one chain in a triclinic unit cell. In addition to the O3-H---O5 intra-chain bond, both 
allomorphs of cellulose I bear the O2-H---O6 intra-chain bond which is shorter in Iα.[38] The 
case of the inter-chain O6-H---O3 bond is interesting. A certain disorder exists for both 
allomorphs with this bond. Actually, O6 can act as an acceptor and, in some instances, O2-H-
--O6 inter-chain bonds are prone to form (Figure 3).[37,38] The molecular distinctions between 
cellulose Iα and Iβ are in the conformations of the anhydroglucose units and in the β-1,4 
linkages.[40] The multiple possibilities for hydrogen bonding of O2 and O6 atoms are 
probably the reason why O2 and O6 are also the most reactive of the hydroxyl groups on the 
crystalline surface, whereas O3 is practically unreactive due to the strength of the intra-chain 
O3-H---O5 bond.[41] 
 
   Cellulose Iβ is thermodynamically more stable as Iα undergoes conversion to Iβ during 
heating.[42,43] Further research is required to understand why these two allomorphs exist in 
nature in the first place. 
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Figure 3. The unit cells of cellulose Iα (left) and Iβ (right) in different projections: (a) down 
the chain axes, (b) perpendicular to the chain axis, and (c) perpendicular to the hydrogen 
bonded sheets. The unit cell of cellulose Iα is one chain triclinic, cellulose Iβ has a monoclinic 
unit cell containing two parallel chains. Adapted from ref. [37]. 
 
 
1.4 Cellulose in nature – introduction to wood chemistry 
   As already mentioned in the previous section, cellulose occurs in nature in two crystalline 
allomorphs, cellulose Iα and Iβ, as well as in the amorphous form. Cellulose is the main 
ingredient of plant cell walls, which is the reason for the omnipresence of the substance. 
Often the two allomorphs coexist in plants but the either form is predominant, depending on 
the plant species. Cellulose Iβ is overall the more common form which dominates the cotton, 
wood and ramie fibres, and cellulose Iα is enriched in some algae and bacterial cellulose.[44] 
Usually cellulose is embedded with various other substances, like lignin, in the plant cell wall 
matrix. In certain species, such as cotton, cellulose exists in a pure form without additional 
ingredients and in some cases, such as the Valonia alga, the cellulose is almost totally in the 
crystalline form.[18] This thesis is leaning towards the chemistry of wood and related species, 
so we shall give an extensive introduction only on the morphological and chemical aspects of 
wood cells. 
   Wood chemistry is a discipline that focuses on the molecular level characterization and 
phenomena of wood or further processed wood such as pulp and paper. Wood cell is the 
pivotal microscopic unit of wood chemistry. Wood fibre is actually the same concept as the 
wood cell, only that wood fibre refers to the longitudinal dead cells. Consisting of primary 
wall, three secondary walls (S1, S2 and S3) and a lumen, cells are separated by middle 
lamellae (Figure 4a). Secondary wall is the thickest and most important of these components; 
it is actually the section of fibre which predominates after chemical pulping of wood.[45-47] 
The chemical components in the cell wall are formed through complex biosynthetic 
pathways.[48] 
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Figure 4. (a) The composition of a wood cell wall. Individual cells are separated by middle 
lamellae. The cell wall divides into primary and secondary wall, and the secondary wall 
further into S1, S2, and S3. The lines in the secondary wall represent microfibrillar alignment 
which is parallel in each layer of the secondary wall. In the primary wall the microfibrils are 
arranged arbitrarily. (b) Schematic representation of cellulose microfibrils. Amorphous 
hemicellulose and some lignin are located between the crystalline cellulose microfibrils. 
 
   Wood species are divided into softwoods and hardwoods. Softwoods are also known as 
conifers with branches covered in needle-like domains. The appearance of hardwoods is 
distinguished by leaves. Softwood cells are comprised mainly (90-95 volume-%) of tracheids, 
longitudinal cells with approximate dimensions of 1.4-6.0 mm × 20-50 µm, running in the 
axial direction of the stem. The tracheids’ function is to support the tree and transport liquid 
within the tree. The other significant species of cells in softwoods are the ray parenchyma 
cells which are much smaller (0.01-0.16 mm × 2-50 µm) and arranged radially, taking care of 
storage of reserve food supplies. Hardwood cell types appear in a larger number. Fibres form 
the basic tissue of the support system (~55 % of cells) with dimensions 0.4-1.6 mm × 10-40 
µm; vessel elements (~30 %) handle the liquid transport (dimensions: 0.2-0.6 mm × 10-300 
µm). Storage functions by longitudinal and ray parenchyma cells.[45] 
   Cell walls consist of cellulose microfibrils which are units of partially or wholly crystalline 
cellulose, around 5-30 nm wide, embedded in amorphous matrix of hemicelluloses and lignin 
(Figure 4b). Cellulose accounts for 37-45 % of the normal wood cells.[45] Microfibrils consist 
of elementary fibrils which are, besides the individual cellulose chains, the smallest known 
units of cellulose. The existence of elementary fibrils has been under debate,[49-52] but more 
recent analysis has shown convincing evidence that they do occur.[53] The mean diameter of 
an elementary fibril is 2.5 nm for normal softwoods[53] but it can significantly vary in 
different plants. The elementary fibril of the alga Valonia, for instance, has a diameter of 20 
nm.[54] 
   Hemicelluloses are water soluble polysaccharides of a low degree of polymerisation (100-
200). The most abundant monomers of hemicellulose are presented in Figure 5. The most 
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common hemicellulose in softwoods is galactoglucomannan whose ratios of 
galactose:glucose:mannose is 0.1-0.2:1:3-4 or, in galactose-rich domains (1/3 of 
glucomannan), 1:1:3. In hardwoods glucuronoxylan predominates, it consists of a linear 
framework of (1→4)-β-xylopyranose with branches of (1→2)-4-O-methyl-α-D-glucuronic 
acid. Hemicelluloses accumulate to 20-35% of wood cell material.[45,55,56] Hemicelluloses are 
obviously more complex than cellulose from a carbohydrate chemist’s point of view. For an 
advanced treatise on carbohydrate chemistry, the reader is referred to e.g. ref. [8]. 
 
 

OH

OHOH

O

OH
OH

OHOH

O

O
OH

OH

O

MeO

HOOC
OH

β-D-gluco-
pyranose

β-D-manno-
pyranose

β-D-xylo-
pyranose

β-L-arabino-
furanose

4-O-Me-α -D-gluc-
uronic acid

α-D-galacto-
pyranose

α-L-arabino-
pyranose

α-L-arabino-
furanose

α-D-arabino-
furanose

OH

OH
OH

OH

O OH

OH
OH

OH

O
OH

OHOH

O

OH

OH

OH
OH

OH

O
OH

OH

OH
OH

OH

O
OH

OH

OH
OH

OH

O
OH 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. The most abundant monomers of wood hemicelluloses. Galactoglucomannan, for 
instance, comprises of α-D-galactopyranose, β-D-glucopyranose, and β-D-mannopyranose. 
 
   Lignin, on the other hand, is a non-linear polymer consisting of phenylpropanoid units. If 
cellulose is the main building block of wood, responsible for its firm structure, lignin is the 
glue which binds the wood cells together and, together with hemicelluloses, controls the 
water content within the cell wall. Lignin is also chiefly responsible for the colour in wood. 
In papermaking, lignin is a nuisance to such an extent that chemical pulping and bleaching 
are actually processes which are designated to remove lignin from the wood matrix (see the 
next section 1.5). Providing challenges to wood chemists, the structure of lignin is not 
satisfactorily resolved because its isolation always alters its structure. Furthermore, each 
lignin molecule is arguably slightly different because of its irregular nature. Figure 6 
illustrates a part of a lignin molecule with the most important structural units.[57,58] Softwoods 
consist of around 25-33 % lignin, whereas hardwoods have 20-25 % lignin contents.[59] 
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Figure 6. A representative fragment of a lignin molecule in native softwood. The diversity of 
ether and carbon-carbon bonds is evident. 
 
   Extractives are the fourth major category of substances, encompassing a heterogeneous 
mixture of small molecular weight individual compounds, like terpenoids and steroids, fats, 
waxes, and phenolic constituents. Both lipophilic and hydrophilic extractives prevail. The 
lipophilic extractives are most familiar to anyone who has observed trees in a close distance, 
often appearing as the resin which persistently sticks when touched. The extractives account 
for 2-5 % of wood material.[45,60] The extractives vary from species to species and they 
number in thousands of individual compounds. Most of them are removed by chemical 
pulping processes. Structures of some common extractives are illustrated in Figure 7. 
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Figure 7. Some examples of extractives molecules from different cathegories: diterpenoids, 
monoterpenes, and fatty acids. 
 
   Table 1 shows the distributions of cellulose, hemicellulose and lignin within the different 
layers of the cell wall.  
 

Table 1. Distributions of wood constituent in the different morphological regions on the 
wood and the amount of constituent in the whole fibre. Units are volume percentages.[45] 

 
 Middle lamella + 

primary wall 
Secondary wall 

S1+S2+S3 
Whole fibre 

Constituent [% in the 
region] 

[% of 
constituent] 

[% in the 
region] 

[% of 
constituent] 

[%] 

Lignin 65 21 25 79 25 
Cellulose 12 3 45 97 45 

Glucomannan 3 2 20 98 15 
Xylan 5 5 10 95 8 
Others 15 75 <1 25 5 

 
 
1.5 Ligno-cellulosics in industry – application of wood chemistry 
   Besides textiles, papermaking is the single most important field of industry that uses 
cellulose containing materials as resources. Since the emphasis on this thesis is set to 
phenomena that resemble or are akin to the ones in papermaking, it will be the only industrial 
application getting a comprehensive treat in this introduction. 
   The material of which paper is made of is called pulp. In a paper mill, pulp is fed to the wet 
end of the paper machine in a water suspension of ca. 0.5 % consistency and the water is 
subsequently drained as the pulp forms into a uniform sheet of paper (Figure 8).[61] The 
preparation techniques of the pulps can be divided roughly into three categories, depending 
on how the pulp is treated before the actual introduction to the paper machine: 
 

(i) In mechanical pulping[62] wood fibres are loosened up from the fibre structure by 
grinding or refining, with the aid of hot water, pressure, or steam. The opacity and 
printability of the papers prepared from mechanical pulp are relatively good, yet the 
strength and durability are low. The major end products are newsprint and some 
magazine papers. 
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(ii) Chemical pulping[63] relies on chemical treatment to release the fibres from the 
wood matrix. Lignin is dissolved between and within the fibres to as large an extent 
as possible, so that the glue holding up the fibre network is lost. The most common 
process nowadays is kraft pulping which is done in alkaline conditions, using OH- 
and HS- ions as active components. Kraft pulping yields flexible fibres with 
considerable strength – hence the Germanic etymology. Sulphite pulping is another 
traditional method, but its use has been declining during the past decades, especially 
in Europe and North America. The process uses HSO3

- ions as active species in 
acidic conditions. Common end products of chemical pulps include books, 
magazines, magazine covers, envelopes, copy papers and basically all the high 
quality paper products. 

(iii) Recycled fibre[64] uses the already prepared paper grades as raw material. Because 
of the wide variety of contaminants associated with different paper grades, the 
recycled material has to be cleaned by screening, washing or centrifugation – or a 
combination of the three - depending on the origin of the fibres. The eventual end 
products determine whether the fibres are deinked, i.e. whether the printing inks are 
mostly removed from the fibre. Recycling is covered more comprehensively in 
Chapter 4. 

 
   After pulping, pulps are usually bleached before the introduction to the paper machine. In 
mechanical and chemical pulps, lignin is the main chromophoric structure responsible for 
colour. Bleaching can be based on the removal of lignin with chlorine, chlorine dioxide, 
oxygen, or ozone.[63] This lignin-removing bleaching can be seen as a continuation of 
chemical pulping with more specific chemicals. Another option, especially related with 
mechanical pulps, is to use lignin-retaining bleaching which uses mainly hydrogen peroxide 
to extinguish the chromophoric groups from lignin.[63] 
   After pulping and bleaching and before entering the paper mill, the pulp usually undergoes 
beating (a.k.a. refining). In beating, pulp is treated in the presence of water with metallic bars. 
It causes cutting and shortening of fibres but it also makes their surface area larger by 
external fibrillation which is partial removal of cell wall, leaving it still attached to the fibre. 
Beating also promotes internal changes in the cell wall structure, such as internal fibrillation. 
Overall, beating improves the bonding ability of the fibres during papermaking.[65] 
   A schematic, simplified process diagram of the pulping and papermaking process, from 
wood to paper, is depicted in Figure 8. If the pulp and paper mill are incorporated in the same 
plant, the scene is such that the logs really go in on one end and paper emerges from the other 
end. This is an impressive example of chemical engineering. 
   A substantial area of wood chemistry is concentrated on the analysis of the chemical 
structures in pulp after pulping and bleaching. The issue of residual lignin is an exceptionally 
difficult one because of its low content, the diversity of its structures, and the fact that lignin 
cannot be reliably extracted from the cell wall matrix without altering its structure.[66] 
Monomeric and dimeric model compounds of lignin have been applied vastly in wood 
chemistry research.[67-70] Additional information has been obtained by small molecular weight 
compound analysis from pulping liquors,[71,72] characterization of isolated lignin 
structures,[73,74] and direct characterization techniques from the fibre, such as FT-IR 
spectroscopy,[75] FT-Raman spectroscopy[76,77] or NMR.[78,79] These techniques, together with 
model compound studies, have provided the scientists with a good idea of the amount and 
structures of residual lignin. For instance, the increase of phenolic hydroxyl groups is well-
documented,[67,68,80] as is their decrease with oxygen-based bleaching chemicals,[69,81,82] the 
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increment of carbonyl and carboxyl structures during ozone and oxygen bleaching is common 
knowledge[69,81,82] etc. However, the precise structural details of residual lignin remain a 
subject to debate. 
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Figure 8. Schematic presentation of pulp and paper mills, from wood to paper. The fibre 
network of the paper sheet is formed after the beating step in the paper machine. 
  
   The chemical structure of carbohydrates after pulping and bleaching is a more 
straightforward issue, mainly because already kraft pulping removes a big portion of 
hemicelluloses,[83] leaving cellulose with its simple chemical structure the predominant 
carbohydrate. Nevertheless, the carbohydrate chemistry during pulping and bleaching is by 
no means trivial. A good example is that only a decade ago it was revealed that 4-O-
methylglucuronic acid groups of xylan are partly converted into hexenuronic acid groups 
which contribute to the kappa number of pulps.[84] Kappa number determination is the 
standard technique to measure the relative lignin content in pulps. Moreover, the complex 
supramolecular structure of cellulose undergoes changes during pulping and bleaching. The 
degree of crystallinity increases during kraft pulping[85,86] and oxygen delignification,[87] 
because the non-crystalline areas are more exposed to the degrading reactions. The ratio of Iβ 
allomorph compared to Iα also increases during kraft pulping,[88,89] which is expected because 
Iβ is thermodynamically the most stable form.[42,43] 
   Extractives, on the other hand, are largely removed by kraft pulping and further eliminated 
by the bleaching stages.[83] The extractives content in an unbleached kraft pulp is already less 
than 0.1 %. A typical compositions of wood organics after kraft pulping and subsequent 
bleaching are presented in Table 3.1. 
   Physical properties of fibres, pulp, and paper are not strictly wood chemistry but they are 
inseparably linked and often used as complementary analyses to measure, for instance, the 
effect of pulping conditions to pulp or paper brightness or strength. Many of the physical 
properties are analysed with a variety of methods, of which several have been standardised. A 
concise description of the key methods is given in the Hardware section (Chapter 2). 
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Chapter 1 

1.6 Model surfaces of cellulose 
   Modelling is an essential part of empirical science. The knowledge on the reactions and 
behaviour of complex chemical structures, often of biological or industrial origin, has greatly 
been improved by studying simplified model compounds in controlled conditions. A full 
treatise is not a subject of this introduction. 
   A model surface consists of a small amount of defined compound or compounds which are 
deposited as a film on a flat substrate. In other words, not only the chemical nature of the 
surface is well defined but also the morphology. Model surfaces can be either closed films 
(substrate fully covered with the model compound) or open films (substrate partially covered 
with the model compound). The defined chemistry and morphology allows two-fold 
interpretation when both spectroscopic and microscopic techniques are applied. The recent 
developments with transmission electron microscopy and the scanning probe techniques in 
particular (see section 2.5) have made the nanoscale analysis feasible and advanced the 
molecular level knowledge significantly. 
   Model surfaces are already a well-established medium of investigation, for example, in 
catalysis research,[90,91] organic-inorganic hybrid materials,[92] and polymer chemistry and 
physics.[93-99] Polymer science is a very prominent field for model surfaces and relevant from 
our point of view since cellulose is, indeed, a polymer. Those open films, where the 
molecules have arranged as evenly spread single molecules on a flat substrate, have been 
used to visualize single polymer molecules with atomic force microscopy (AFM). To 
illustrate the versatility, applications of the films from single polymer molecules and AFM 
include determining the molecular weight distribution,[100] adsorption on the substrate,[101-104] 
visualizing conformation and structural diversity,[105-108] measuring elasticity,[109-111] and 
visualizing conformational transitions.[112,113] 
   Polymer films may be cast on the substrate by deposition,[114] Langmuir-Blodgett 
technique,[115] adsorption,[101-104] or spin coating (see Chapter 2.6), among other methods. 
   Cellulose offers an intriguing case for model surface studies because of its unparalleled 
natural abundance and industrial importance. Furthermore, since each individual wood cell is 
nearly always different chemically and morphologically the need for a well defined model is 
obvious. Open films might be a chance to emulate single elementary fibrils or microfibrils or 
likewise structures and gain insight into the nanoscale morphology disruption, crystalline 
transformations, or amorphous rearrangements of cellulose. Although cellulose model 
surfaces were pioneered by Wegner et al. in the early 1990s,[116,117] the research on them is 
still in an early and underdeveloped stage. Model surfaces are the subject to this thesis from 
Chapter 5 onwards. 
 
1.7 Scope of the thesis 
   The original idea of the project was to gain more fundamental knowledge on what happens 
during recycling with fibres, especially on the fibre surface. Therefore, the assessment of the  
surface characterisation tools for fibre analysis became logically the first pragmatic goal in 
the project. The fundamental aspect was taken further by a study on cellulose model surfaces. 
Recycling remains influential throughout the thesis, even with model surfaces as wetting and 
drying experiments. 
   Chapter 2 outlines the characterization techniques used throughout the thesis. Basic 
principles and major applications are elaborated with short historical references. 
   Chapters 3 and 4 are dedicated for the authentic pulp samples of natural fibre. The obvious 
shortcomings in their chemical and physical definitions led us to find out more about the 
model surfaces of cellulose and the rest of the book, from Chapter 5 onwards, is a coverage 
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of the methodology and applications of those model surfaces. We established the simple and 
ubiquitous spin coating as a novel method for preparing reproducible model surfaces of 
cellulose. 
   X-ray photoelectron spectroscopy (XPS) was the basic chemical characterization technique 
throughout the whole project. As the model surface approach became more and more 
prominent, atomic force microscopy (AFM) proved to be the most exploitable and 
advantageous technique and it replaced scanning electron microscopy (SEM), used in the 
characterization of natural fibres. In Chapters 6 and 7 we want to point out that AFM is not 
merely an imaging technique. It is possible to extract a lot of quantitative information from 
the three dimensional data of the height images with simplest statistical analysis.  
   The thesis offers comprehensive coverage of the surface chemistry of natural fibres and 
cellulose model surfaces. It is not a common approach to link these two aspects in the same 
research and the thesis shows that there is certainly a lot of ground to be covered if the model 
surfaces and natural fibres are to be brought closer together. However, the applications of the 
cellulose model surfaces is still in its infancy and new research reveals constantly new 
possibilities. For instance, the open films of nanosized cellulose, presented in Chapter 6, are 
the first account of its kind in literature, and the quantitative analysis developed here exposes 
a new approach to investigate wetting and drying of cellulose. Also the cellulose domains on 
cellulose in Chapter 7 offer an example of a new type of cellulose model surface, hitherto 
unknown in literature.  
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HARDWARE 
 
 
 
 
2.1 Introduction 
   This chapter gives an outline of the principles and possibilities of the key instrumental 
techniques applied in this thesis. The ones explained under own subheadings are X-ray 
Photoelectron Spectroscopy (XPS), Attenuated Total Reflectance Infrared Spectroscopy 
(ATR-IR), Scanning Electron Microscopy (SEM), Stylys Profilometer, and Atomic Force 
Microscopy (AFM). The final subchapter gives an overview of some of the standard pulp and 
paper testing methods. XPS and AFM receive a more comprehensive coverage since they are 
essentially the central analytical techniques for this thesis. 
   There are methods not reviewed in this chapter but which are nevertheless used in this 
thesis. They only have a fleeting impact on the overall results, like ellipsometry or Wide 
Angle X-ray Scattering. 
 
2.2 X-ray Photoelectron Spectroscopy (XPS) 
   The concept of the XPS was published by Siegbahn and co-workers in 1967[1] after a long 
development process since the 1940s. The commercial instruments began appearing in the 
early 1970s. The original name for XPS is Electron Spectroscopy for Chemical Analysis 
(ESCA) and that name still prevails today, mainly used by chemists as opposed to physicist.  
   XPS is based on the photoelectric effect, originally discovered by Thomson[2] and 
Einstein:[3] if a material is irradiated with small wavelengths of visible light, UV-light, or X-
rays, electrons are emitted. The energy of the electrons depends on the wavelength of the 
electromagnetic radiation. In an XPS spectrometer, this is expressed in an equation, 
pioneered by Rutherford,[4] and later developed to:[5-7] 
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ϕν −−= bk EhE           (1) 
where 
Ek  is the kinetic energy of the electron 
h  is Planck’s constant 
ν  is the frequency of the exciting radiation (speed/wavelength) 
Eb  is the binding energy of the photoelectron with respect to the Fermi level of the 

sample 
ϕ  is the work function of the spectrometer. 
 
   The pivotal variable in equation (1) is the binding energy of the electron (Eb) which is 
directly related to the atom where the electron originates from. Therefore, the binding energy 
is element-specific and, since the kinetic energy is detectable, XPS is an element sensitive 
technique. Although kinetic energy is measured, usually the XPS spectrum is plotted on a 
binding energy scale to emphasize the reasoning. 
   The principle is visualised in Figure 1. An atom in the irradiated sample absorbs a photon 
of energy (hν) and an electron – photoelectron, to be precise - is emitted. At (around) the 
same time, but at a slower pace, an additional phenomenon takes place. The core hole left by 
the electron is filled with an electron from a higher shell as the atom relaxes from the excited 
stage. The energy released is taken up by another electron, the Auger electron, which is 
emitted, again with an element-specific kinetic energy. Auger electrons have fixed kinetic 
energies.[5-7] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. The photoelectric effect, principle of XPS. Atoms on the sample surface are excited 
with X-rays (hυ), a photoelectron is emitted with the kinetic energy (Ek) equal to hυ minus 
the binding energy (Eb) and the work function (ϕ). The empty core left by the photoelectron is 
filled by an electron from a higher energy level (L1→K), and the relaxation energy emits an 
Auger electron (L23→Auger). Adapted from ref. [5]. 
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   The photoelectrons can travel a very limited distance in the matter, which causes the 
surface sensitivity of the XPS. The inelastic mean free path of the photoelectrons in solids is 
less than 1-2 nm for kinetic energies within 15-1000 eV,[8] and usually the information depth 
of the XPS is limited to approximately three times the inelastic mean free path.[5] Therefore, 
the XPS obviously requires ultra-high vacuum (UHV) measuring conditions with a pressure 
preferably less than 10-9 mbar. 
   An XPS spectrum is expressed as plotting the photoelectron intensity as a function of 
binding energy. Figure 2 shows a widescan spectrum of trimethylsilyl cellulose. The X-ray 
source used is Al-Kα (1486.3 eV, hence the scale). The spectrum consists of photoelectrons 
bands which are divided into core bands and valence bands. Other peaks include the Auger 
bands, from the already explained Auger emission, and satellite bands. Core bands and Auger 
bands are the most conspicuous features and they make up the spectrum’s element specific 
characteristics (Figure 2). The valence bands originate from the photoelectrons ejected from 
the valence levels, thus of low binding energies (Figure 2). They are often indifferent in the 
interpretation, although oxygen 2p, for instance, does have specific, fingerprint-like binding 
energies that can be used to recognize organic polymers with a high resolution XPS.[9] 
Satellite peaks emerge from the X-ray source. They are minor peaks with lower binding 
energies which are element specific but with intensity and spacing characteristic of the X-ray 
anode material.[6] 
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Figure 2. Widescan of the XPS spectrum of trimethylsilyl cellulose (monomer of which is 
shown in the inset). Silicon, carbon, and oxygen show distinct photoelectron peaks below 
binding energy of 600 eV. The less conspicuous auger peaks of carbon and oxygen show up 
in the higher binding energies. The valence peak appears in low binding energies (<50 eV). 
 
   In addition to their ability to recognize elements, the binding energies in the XPS spectrum 
yield information also on the chemical state of the element. Binding energies of metals are 
affected by their oxidation states, usually by the norm: the higher the oxidation state, the 
higher the binding energy.[1,5-7]  Organic carbon is distinguished by the chemical bonding of 
the carbon.[6,10,11] For example, the carbon with one bond to oxygen differs from a carbon 
with two bonds to oxygen by ca. 1.5 eV.[12] The contributions show up in the same peak but 
the peak can be deconvoluted with Gaussian or Lorentzian (or combined) peak fit. Figure 3 
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illustrates a deconvoluted C 1s peak of a cellulose sample. The ratios of the deconvoluted 
peak areas correspond to the ratios of the bonds in the atom. 
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Figure 3. Deconvoluted C 1s peak of cellulose. Chemical shifts depend on the bonding of the 
carbons: only hydrocarbons (C-HX), carbons with one bond to oxygen (C-O, mainly from 
hydroxyl contribution), and carbons with two bonds to oxygen (C=O, O-C-O). The area ratio 
of O-C-O/C-O corresponds to the distribution in a cellulose monomer (0.2). 
 
   Table 1 gathers the C 1s data relevant to this thesis. It is evident that the carbonyl (C=O) 
and two sigma-bonds to oxygen (O-C-O) contributions are not distinct from each other with 
an XPS of a normal resolution and they have to be attributed to the same peak. 
 

Table 1. Chemical shifts in the C 1s binding energy in XPS.[12] 
 

Bonding Binding energy [eV] 
C-C 285.00 
C-OH 286.55 
C=O 287.90 
O-C-O 287.93 
O-C=O 289.26 
C-Si 284.33 

 
   There are some precautions about the nexus of events in photoelectron emission and the 
subsequent detection. For example, the kinetic energy of a photoelectron contains 
information both on the initial state of the atom and on the  final state where the 
photoemission has left behind a core-ionized atom. This occurs because the photoemission 
happens relatively slowly so that the photoelectron can feel the relaxation of the core-ionized 
atom. However, the pragmatic interpretation of the kinetic (or binding) energy shifts due to 
oxidation states or chemical shifts involves usually the initial state only. For a full treatise, 
the reader is referred to references [5-7]. Nevertheless, when the photoemission happens very 
fast without its feeling the relaxation effect, there are practical consequences as the 
photoelectron transmits energy to another electron of the atom. The affected electron ends up 
in a higher unoccupied state (shake-up) or in an unbound state (shake-off) and the 
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photoelectron loses kinetic energy, hence appearing as a shake-up or a shake-off peak higher 
in the binding energy scale.[5,6] Aromatic carbons are good examples of causing a shake-up 
phenomena in organic compounds. For instance, traces of aromatic polymer, such as 
polystyrene, can be detected in a sample from a shake-up tale in the C 1s spectrum.[12] 
   When photoelectrons are emitted, the sample charges if the material is non-conductive 
because it cannot compensate for the lost electrons. Because of the positive charge, induced 
by the lost electrons in the sample, the peaks in the XPS spectrum all shift by the same 
amount to higher energies. This problem can be easily overcome by correcting the peaks 
using a binding energy of a known compound, such as Si 2p (103.4 eV) in supported model 
surfaces, or C 1s (284.6 eV) which is present in practically any surface due to surface 
hydrocarbon impurities. Another nuisance of charging is the broadening of the peaks, 
resulting in a lower signal-to-noise ratio. This occurs usually when sample charging is 
inhomogeneous.[5] 
 
   The quantitative nature has to be treated with care. The relative intensities of the core bands 
with correction factors are often referred to as “atomic ratios”. The basic parameter which 
governs the relative intensities of core-level peaks (I) is the atomic photo-emission cross-
section σ(Ek):[5] 
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where 
I is the intensity of the XPS peak 
FX  is the X-ray flux of the sample 
S(Ek) is the spectrometer efficiency for detecting the electron at kinetic energy Ek 
σ(Ek)  is the cross-section of the photoemission 
n(z)  is the concentration, in number of atoms per unit volume 
z is the depth below the surface 
λ(Ek,z)  is the mean free path of the photoelectron at kinetic energy Ek through the material 

present at depth z 
θ is the take-off angle, i.e. angle between the direction in which the photoelectron is 

emitted and the surface normal 
 
   Equation (2) implies that, besides the cross-section, the intensity of the XPS peak depends 
on the spectrometer, the concentration and distribution of the element in the surface region. 
The cross-sections for the elements have been calculated and tabulated by Scofield.[13] The 
exponential term in equation (2) implies that the escape probability of the photoelectron 
decreases with increasing depth of the emitting atom below the surface. The mean free path 
of a photoelectron is not only element specific but material specific. Algorithms and 
coefficients to calculate the mean free paths for inrorganic[14-16] and organic[17] materials are 
available. Quantification of the XPS spectrum is based on intensity ratios of the peaks, but 
applying the intensity ratios directly requires the presumption of a simple homogeneous 
distribution of the elements or materials within the sample. The simplification may imply, for 
example, that material A is homogeneously spread on substrate B or that there are islands of 
A of a certain size on substrate B. Since this is a simplification, XPS can arguably be called 
semi-quantitative. Besides, many ‘atomic ratio’ data use only the Scofield factors for cross 
sections and do not bother with the distribution of the material at all. When the layer is >10 
nm thick and of a homogeneous material, the atomic ratios can reliably indicate the amount 
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of functional groups on the material, which is the case with trimethylsilyl groups in 
trimethylsilyl cellulose, for instance (Chapter 5).  
   If the information depth of the XPS is dubbed three times (simplification) the mean free 
path of photoelectrons(3λ) when their emission angle (θ) is 90O, the information depth can be 
denoted as d=3λcosθ. By varying the take-off angle – an easy procedure in the XPS 
equipment – the surface sensitivity, i.e. the mean free path of photoelectrons, changes: the 
greater the take-off angle of photoelectrons between its direction and the surface normal of 
the sample, the greater the surface sensitivity.[5] Angle-dependency of the XPS can be used to 
make a rough estimate of the vertical distribution of materials in the sample, as we have done 
in Chapter 5. With thinner than 10 nm samples, angle-dependency is useful for evaluating the 
thickness of a film,[18-21] but homogeneous composition, uniform thickness, and a flat 
morphology are required. Gunter et al. have discussed the effect of surface roughness on the 
intensities.[22,23] 
   In conclusion, XPS offers quantitative information on the elements on the surface, 
quantitative information on the chemical states of those elements and quantitative 
information about the relative amounts of the elements and, in some cases, thickness of the 
films. However, certain precautions must always be considered. 
   XPS is used to characterize the samples of natural fibre in Chapter 3 and 4, and the model 
surfaces of Chapter 5 and 7. 
  
2.3 Attenuated Total Reflectance Infrared Spectroscopy (ATR-IR) 
   The idea of attenuated total reflectance dates back to Newton. While famously erring by 
opting for the corpuscular theory of light in his Opticks, Newton still made many relevant 
observations that were later established as the basic principles of the wave theory, now 
universally acknowledged. One of the pioneering issues set by Newton was the behaviour of 
light when it was transmitted from a denser medium to a rarer one. There Newton 
unconsciously reported the existence of the evanescent wave by stating that, during total 
reflection, the reflection does not take place at the geometrical boundary of the two media, 
i.e. the path of the ray from a denser to a rarer medium is a parabola, with its vertex in the 
rarer medium.[24] 
   The principle of the ATR-IR, also known as Internal Reflection Spectroscopy, is depicted 
in Figure 4. In total reflection, when light is reflected at the interface between two media of 
different refractive indexes, an evanescent wave in the less dense medium extends beyond the 
reflecting interface. To acquire total reflection, the angle of incident radiation must exceed 
the critical angle (θ ≥ θC): 

1

21sin
n
n

C
−=θ          (3) 

where 
θC is the critical angle 
n2 is the refractive index of the denser medium (internal reflection element in ATR-IR) 
n1 is the refractive index of the less dense medium (sample in ATR-IR) 
 
   The experimental quantification of the evanescent wave was pioneered by Quincke[25] and 
Hall[26] in 1866 and 1902, respectively. Hall came up with the equation still used today for the 
penetration depth (dp) of the evanescent wave: 

 22



Hardware  

2
21

2

1

sin2 n
d p

−
=

θπ

λ        (4) 

where 
λ1   is λ/n1, i.e. the wavelength in the denser medium 
n21  is the ratio of refractive index of the less dense medium divided by that of  

the denser (n2/n1)  
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Figure 4. The principle of ATR-IR. IR-beam is directed on the internal reflection element 
(refractive index n1) above the critical angle (θ) to gain total reflection, and the evanescent 
wave penetrates on the rarer medium (refractive index n2). The absorption in the rarer 
medium (sample) is detected after the beam leaves the internal reflection element. 
 
   According to Equation (4), the evanescent wave can be seen as a field of strength which is 
decaying exponentially inside the optically rarer medium (sample). ATR-IR was developed in 
the early 1960s when it was discovered that the evanescent wave is absorbed selectively by 
the sample and thus an optical absorption spectrum could be obtained.[27,28] An ATR-IR setup 
consists of an internal reflection element to which the incident IR-beam is directed in the 
critical or higher angle (Figure 4). The sample is pressed against the internal reflection 
element and the evanescent wave enters into the sample, yielding information from the length 
of the penetration depth (dp), stated in Equation (4). The internal reflection element is, quite 
naturally, manufactured of a material of a high refractive index, such as zinc selenide, silicon, 
germanium, or diamond.[29] 
   The penetration depth (dp) of the evanescent wave is usually somewhere around 1.0 µm. 
The depth decreases as a function of decreasing wavelength (Equation (4)), and therefore it is 
customary to correct the ATR-IR spectra if they are compared with normal IR-spectra. 
Obviously, this is not necessary when the ATR-IR spectra are compared with each other.[29] 
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   The big advantage of ATR-IR lies in its sample preparation: the sample can be brought 
straight into connection with the internal reflection element so that any additional preparation 
is unnecessary. The routine measurement is also fast, rarely lasting for more than a minute. 
This is also the reason why ATR-IR can be applied to thick samples where transmission IR is 
no longer applicable.[29] There is a complication, however, with thin films (<500 nm) on a 
substrate which absorbs IR radiation because the spectrum then consists of the substrate. The 
solution is to use an IR-reflecting substrate as explained in Chapter 5 of this thesis. 
   There is a complexity in the quantitative aspect of the ATR-IR spectra. The quantification 
is not a straight-forward issue because it is difficult to reproduce the contact between the 
ATR-crystal (internal reflecting element) and the sample, thus resulting in the change in 
penetration depth. This lack of reproducibility may occur with similar samples and even 
within the same sample if the measurement spot is changed. The contact problem is due to 
micro-scale roughness variations within the sample surface. Also a variety of conditions, for 
instance during the background signal measurement, affect the ATR-IR analysis. Usually 
normalization on a stable peak, such as the C-H stretch around 2900 cm-1, is sufficient 
enough to compensate for the error.[30-33] Recently, a more theoretical approach has been 
taken to correct the irreproducible sample contact.[34] 
   One example of applications for ATR-IR is to take advantage of the minimal sample 
preparation and fast measurement times and measure diffusion of liquids in situ in a 
sample.[35-38] Another prominent field of application is to investigate the molecular 
orientation in polymeric materials and surfaces by using IR light polarized selectively along 
the three principal optical axes of a sample.[39-43] This approach, however, is also more 
susceptible to the error of the irreproducible optical contact.[31,33,34] 
   In summary, the ATR-IR yields quantitative information with certain reservations, and it is 
a handy and quick tool for characterizing functional groups in organic material whenever 
applicable. We have applied ATR-IR to analyse the natural fibres in Chapter 3 and model 
surfaces in Chapter 5. 
 
2.4 Scanning Electron Microscopy (SEM) 
   In 1926, Busch showed that axially symmetric electric and magnetic fields could act as 
lenses for charged particles.[44] This work established the general principles for geometrical 
electron optics. Relying heavily on the work of von Ardenne, published in 1938,[45,46] 
Scanning Electron Microscopy (SEM) was devised, built, and commercialized in the 
laboratory of C.W. Oatley in Cambridge during the 1950s.[47-49] 
   SEM is based on a simple principle of bombarding a sample with an electron gun, which 
induces scattering of electrons that are detected (Figure 5). The collision of the primary 
electrons with the sample results in elastic and inelastic scattering of electrons. Backscattered  
electrons are primary electrons that re-emerge from the sample after the collision with the 
nuclei in the bombarded sample (elastic scattering). Secondary electrons emerge when the 
primary electrons transfer energy to the atoms in the sample. These are low-energy electrons 
that are produced at a shallow sampling depth because of their low kinetic energy (0-50 eV).  
The SEM image (scanning electron micrograph) is produced by detecting either 
backscattered or secondary electrons. Contrast is caused by the orientation: points in the 
surface facing the detector appear brighter than the ones pointing away from the 
detector.[50,51] 
 
 
 

 24



Hardware  

 
primary 
electron

beam

backscattered
electron detector

secondary
electron detector

BE

SE

sample

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. The principle of SEM. Primary electron beam is focused on the sample from an 
electron gun. Backscattered electrons result from direct collisions of the primary electrons 
with the nuclei of the sample (elastic scattering). Secondary electrons emerge when the 
primary electrons transfer energy to the atoms of the sample which ejects loosely bound 
electrons. 
 
   Traditionally, SEM has to be practised in ultra-high vacuum, although recent developments 
have led to the invention of environmental SEM (ESEM) which allows atmospheric sampling 
and even in situ sampling with water. ESEM is based on a strong pressure gradient between 
the sample and the gun/detection system.[51] 
   The distinguishing characteristics of SEM, as opposed to Transmission Electron 
Microscopy (TEM), is SEM’s ability to map the topology of the sample, whereas TEM yields 
all the information throughout the sample. This is why TEM has very high demands on the 
ultra-thin thickness and uniformity of the sample. Although TEM rates higher in resolution, 
SEM requires practically no sample preparation with conductive samples. If the samples are 
non-conductive, they can be covered with a thin metal layer (sputtering) or low voltage can 
be applied to the primary electron gun.[50,51] 
   SEM provides a quick-and-easy visual link, complementary to spectroscopic methods. The 
high-resolution machines are set to ~5 nm resolution but usually, like in this thesis (Chapters 
3 and 4), SEM is applied in the micrometer regime. 
 
2.5 Stylus profilometry 
   The stylus profilometer may be referred to as a crude predecessor of contact mode Atomic 
Force Microscopy (AFM, see next section 2.5). The idea of a profilometer is expressed in 
Figure 6. The very simple idea consists of a sharp needle (stylus) that scans across the surface 
and the movement of the needle is recorded on a scale. Profilometer has been in use since 
1967,[52] following the discoveries of Greenwood and Williamson.[53] 
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Figure 6. The principle of stylus profilometer. A stylus attached to a spring scans over the 
surface and the changes in z-scale are recorded as a function of the x-direction. 
 
   Compared with the sophisticated piezo-scanning technique, used in the AFM, the 
profilometer is undoubtedly outdated. It is slow, and meagre in resolution: conventionally the 
instrument has a scanning speed of ca. 0.5 mm s-1 and a lateral resolution of several 
micrometers.[54,55] Nevertheless, the profilometer remains a handy tool when probing the 
depth or height of individual surface features. The vertical resolution of the profilometer is 
less than 1 nm. It is equipped with an optical microscope with which one can navigate to the 
spot that has to be measured. Although a slow one, one scan by the stylus tip is enough to 
gain the depth or height of the examined curiosity. Moreover, the scanning length of the 
profilometer extends to 1 mm, so that it is easier to include the  feature in the scan than it is 
with the AFM which is usually limited to a maximum scanning length of 100 µm. This means 
that, for instance, the depth of a scratch on a surface can be probed in ca. one minute, 
including the landing of the tip and the search for the desired feature – a process which would 
take at least ten times more with an AFM. 
   Profilometer is used in Chapters 5 to determine the thickness of the model surfaces after 
scratching. 
 
2.6 Atomic Force Microscopy 
   With the advent of the scanning probe techniques, Scanning Tunnelling Microscopy 
(STM), introduced in 1982,[56] quickly spawned Atomic Force Microscopy (AFM) in 
1986.[57] Unlike traditional microscopy, the scanning probe techniques are not based on 
lenses and electromagnetic waves. Instead, the apparatus consists of a sharp probe that scans 
in the close proximity of the surface and the interactions between the surface and the probe 
are recorded. STM is based on the strong dependence of the tunnelling current  on the 
distance between the probe and the surface. In AFM, a sharp tip is attached on the loose end 
of a cantilever, the tip scans in the near-field of the surface (usually <10 nm), and the 
deflections in the cantilever due to the surface forces between the tip and the sample are 
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recorded.[58] The apex radius of a modern AFM tip is in the order of 5-10 nm. Even tips with 
a radius of 1 nm are available, although they are rather costly. 
   The introduction of the scanning probe techniques was nothing short of a revolution during 
the concomitant birth of nanotechnology in the 1980s. The tunnelling current decreases by a 
factor of ten when the distance between the probe and the sample is increased by just 1 Å, 
which means a resolution of 0.01 nm is feasible with the STM. The first images of atomic 
resolution were published already in 1983.[59] Although not as clearly a technique to resolve 
individual atoms, AFM has revealed true atomic and molecular resolution[60-63] and even sub-
atomic resolution.[64] Usually AFM is used, however, to scan larger areas than what is 
required to see atoms. 
   Gerd Binnig and Heinrich Rohrer were awarded a Nobel prize in physics in 1986 for 
designing the STM. Binnig was also the innovative mind behind the AFM.[57] AFM has often 
been called or even “renamed” Scanning Force Microscopy (SFM) because the cantilever 
deflections usually emerge from general surface force interactions between the sample and 
the tip and not the interactions of  individual atoms of the sample and the tip. Nevertheless, 
we resort to the name AFM in deference to the original instigators. 
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Figure 7. (a) Interaction forces between two atoms (f~r-7) and (b) two macroscopic particles 
(sphere-surface) (F~D-2). D=0 is the tip-sample contact, and D<0 is the regime of sample 
deformation. Adapted from ref. [74]. (c) The effect of the finite tip size to the AFM image: 
height is usually reliable with a precision of at least 1Å, but the lateral dimension and the 
geometry of the sample are altered. 
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   Pragmatically, the radical difference of AFM, as opposed to STM, is that it sets no limits 
for the conductivity of the sample. Most organic materials are impossible to image with STM 
because of their lack of conductivity. Furthermore, the conformations of, for instance, 
carbohydrates dictate that the dimensions in the z-direction often vastly exceed the tunnelling 
gap. 
   AFM is, in fact, a distant relative of the stylus profilometer which was briefly described in 
the previous section (2.5). In contrast to the profilometer, AFM has a high force sensitivity 
and excellent lateral resolution. To gain insight into the imaging technique of AFM, one 
needs to understand the components of the net force. Initial point of concern is that the net 
force is stronger than the intermolecular forces because it includes the force between a flat 
surface and a spherical tip which decays at a much lower gradient (F~D-2) than the force 
between two atoms (F~r-7) (Figure 7).[65]  This sets limitations for the resolution. Another, 
and more concrete, limitation for the AFM resolution is the size of the tip. It is feasible to 
detect very small domains on a flat substrate with accurate height (up to less than 1Å) by 
AFM, if the sample deformation is neglected. However, the dimensions of the tip set limits  
for the lateral resolution: a small feature, in the tip sized regime, is prone to show up in the 
AFM wider than it actually is, and, for instance, a sphere is depicted as a flat lump (Figure 
7c).[58] Similarly, the small valleys or gaps contract in an AFM image. The lateral resolution 
will be revisited in detail in Chapter 6. 
 
   The net force is divided into three groups: (i) attractive surface forces, (ii) forces due to 
sample deformation, and (iii) the deflection of the cantilever. The attractive surface forces are 
fundamentally electrostatic in nature, influential already in the regime of 10-100 nm. The 
repulsive forces are short range forces and related to the sample deformation. Attractive 
forces are described by the van der Waals potential, dependent on the polarizability and 
dipole moments between the molecules. Derivation of the sphere-surface (simplified tip-
sample) interaction energy gives the attractive force (Fa):[65,66] 

26D
HRFa −=          (6) 

where 
D is the tip-sample distance  
H is the Hamaker constant 
R is the radius of the spherical tip. 
   The values of Fa, sensed by the AFM, are in the order of nanonewtons. 
   In a physical contact, i.e. over the short distances, the attractive surface interaction 
corresponds to the adhesion force (Fadh):[65,67] 

γπRFadh 4=         (7) 
where 
R is the tip radius 
γ is the surface energy. 
   AFM is usually performed in ambient conditions, which affects the adhesion force in 
several ways, especially as water condenses around the contact site and results in capillary 
forces.[68] Thus, the adhesion force in reality has a capillary contribution.  
   Repulsive forces dominate with short distances. For a rigid tip and sample whose atoms 
interact as 1/r12, the repulsion would be described by W~1/D7.[65] Since the tip and the sample 
are both deformable, the tip-sample attraction is balanced by the mechanical stress, emerging 
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in the contact area. The relation between the deformation force (Fd) and the contact radius (a) 
is described by the Hertz theory:[65,69] 

R
KaFd

3

=         (8) 

where  
a is the radius of the contact area 
K is the elastic modulus of the tip, dependent on the Young’s moduli and Poisson’s ratios of 
the tip and the sample materials (see ref. [65]). 
   Recent research has expanded the Hertzian mechanics with AFM because the adhesion 
force between the tip and the sample cannot be neglected when the external load is very 
small. In fact, the adhesion can arise when the tip approaches the sample and the sample 
draws the tip into the sample under zero external load, deforming the sample.[70,71] There are 
methods to derive the elasticity of surfaces by AFM.[71-73] 
   The deflection of the cantilever (Fc) is purely of mechanical nature. It depends on the 
cantilever material and geometry (Young’s modulus, momentum of inertia). In short, the 
attractive surface force (Fs which is either Fa or Fadh, depending on the distance) is balanced 
by the deformation (Fd) and the deflection of the cantilever (Fc).[65,74] In reality, these forces 
are highly complex and this introduction but touches the surface. For a more elaborate 
treatment, the reader is referred to an excellent book by Israelachvili.[65] 
 
   AFM operates in two modes: contact and dynamic. Dynamic mode is further divided into 
intermittent contact (tapping) and non-contact modes. First AFMs operated in contact mode 
only. In contact AFM, the static cantilever is deflected by the sample contact. To monitor a 
signal, the deformation forces must exceed the total surface forces, i.e. Fc=Fd-Fs>0.[58] 
   Dynamic AFM is based on vibrating the cantilever at or near its resonance frequency and 
measuring the changes in amplitude or frequency near the sample surface. The use of 
dynamic AFM is mandatory for compliant materials, like most polymers, which would be 
severely deformed by the tip in contact mode. When the frequency of the oscillation is kept 
constant and the changes in amplitude are monitored, the operation is called intermittent 
contact or tapping mode.[75,76] In non-contact mode, the oscillation amplitude is fixed and the 
frequency is used as a feedback parameter to measure the topology.[77] Many scientists and a 
wealth of literature entries erroneously distinguish the tapping and non-contact mode by the 
tip-sample distance – hence the naming: tapping mode is supposed to slightly touch (tap) the 
sample surface in the other extreme of its oscillation. Non-contact mode is admittedly often 
operated at a higher distance from the sample than tapping mode, but non-contact mode has 
been shown to operate in the repulsive regime, actually touching the sample, and tapping 
mode can be operated in the purely attractive regime, not having any contact with the 
sample.[78] The real distinction lies in the monitored property and its (relatively) static 
counterpart. A seminal review by García and Pérez is recommended reading if one wants to 
find out more about the physics underlying the dynamic AFM.[78]  
 
   Because of its relevance to this thesis, tapping mode deserves a closer look. Figure 8 
illustrates the experimental setup of a tapping mode AFM. The cantilever is excited at or near 
its resonance frequency and the sample surface is imaged while the feedback electronics 
adjust the tip-surface separation at a fixed value. The adjustment in z-direction and the 
scanning in lateral direction are done with piezo crystals. The amplitude changes are recorded 
by focusing a laser beam at the end of the cantilever which reflects the beam onto a photo 
detector, usually consisting of four segments.[58,79] 
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Figure 2.7 
Schematic view of the Digital Instruments Dimension 3100 scanning microscope. 
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Figure 8. Setup of an AFM tapping mode apparatus. Oscillation piezo-crystal excites the 
cantilever at its resonance frequency. As the tip attached to the cantilever scans over the 
surface, the reduction in amplitude due to surface interactions is recorded with reflecting a 
laser via the cantilever on a photodetector. The distance between the sample and the tip is 
kept constant by a feedback loop originating from the amplitude detector. 
 
   Imaging of compliant materials is not the only reason for the sudden rise and immense 
popularity of the tapping mode. It also opens several channels for simultaneous data 
acquisition: in tapping mode AFM, the oscillation amplitude, phase shift, and the cantilever 
deflection may be recorded during the same scan. Furthermore, the tip motion is sensitive to 
both forces and force gradients. Suitable experimental setup may allow force and interatomic 
mapping.[74,78] 
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Figure 9. (a) Free oscillation in tapping mode AFM without the tip-sample interaction. 
Phase lag between the driving force (piezo) and the free oscillation is usually adjusted to 
90O. (b) Tapping mode AFM near the sample: the tip-sample interaction reduces the 
amplitude (amplitude image) and causes a phase lag in the oscillation (phase image). The 
height is adjusted by means of the feedback loop from amplitude detection (height image). 
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   The ideas of tapping mode’s main imaging principles - height, amplitude and phase 
imaging - are depicted in Figure 9a and 9b. Figure 9a shows the tip excited to its resonance 
frequency, yet unaffected by the surface forces of the sample. The tip is brought closer to the 
sample and surface forces start to interact with the tip in Figure 9b. The topography is 
mapped by monitoring the reduced amplitude (amplitude image), the corrected height from 
the feedback loop (height image), or the phase lag of the oscillation (phase image). The phase 
lag or phase shift actually means the varying angle φ in the argument of harmonic motion of 
the form x=A cos(ωT+φ). At resonance, the phase lag is set to 90O (Figure 9a).  
   Depending on the amplitude of the oscillation, the attractive and repulsive regimes are 
prone to show up in the phase lag.[80-82] Figure 10a illustrates the phase lag dependence on the 
tip-sample separation with different free oscillating amplitudes. Especially with small 
amplitudes (10-30 nm) the transition from attractive to the repulsive regime is abrupt. With 
higher amplitudes (60nm) the transition from attractive to repulsive is smoother and they 
have even been shown to coexist.[82] However, the important point in Figure 10a is that if the 
phase lag is above 90O during the whole measurement, it can be concluded that the scanning 
has taken place in the attractive force region, and therefore the tip-sample contact has been 
minimal. This is important when assessing the images of compliant samples like polymers 
which might well be altered during tapping mode scanning in the repulsive region. The step-
wise transition with small amplitudes from attractive to the repulsive regime is illustrated in 
Figure 10b: the tip literally “jumps” to contact to the repulsive regime and the phase lag 
shows a likewise reduction below 90O midway through the scanning. 
 

(a) regime change in phase imaging
      - theoretical model 

(b) regime change in phase
      imaging - in practice 
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   Tapping mode is not devoid of sample deformation. Especially when working in the short-
range repulsive regime, the sample is susceptible to indentation by the tip and vice versa. In 
standard working conditions of the tapping mode, the contact time of the tip with the sample 
represents about 10-30% of the period of oscillation.[82] Another concern is that part of the 
sample can stick on the tip, increasing the tip radius, changing its material status and 
geometry, and thus obscuring the image.[83] 
 
   Tapping mode AFM has enabled huge progression in polymer chemistry in general[74] and 
nano-scale polymer chemistry in particular.[74,84] The application to closed cellulose model 
surfaces will be introduced in Chapter 5 and the nano-scale application is subject Chapter 6, 
also introducing a method to directly quantify AFM data. In Chapter 7, the AFM is employed 
in a larger lateral scale with polymer blends. Besides the bulk of results in those chapter, the 
reader is referred to the corresponding introductions (5.1, 6.1, and 7.1) for examples on the 
polymeric materials and AFM. 
 
2.7 Spin coating 
   Spin coating is, frankly, a method to create films of dissolved substance by evaporating the 
solvent with high speed spinning. It has been widely used for thin film deposition since 1950s 
and the equipment is ubiquitous in laboratories of physical, inorganic, organic and polymer 
chemistry worldwide, not to mention its wide-spread applications in advanced electronic 
industry.[85,86] 
   The setup for spin coating is depicted in Figure 11. Substrate is attached – often by means 
of a suction pump - to a chuck which is spun at the desired rate. Spinning velocity, 
acceleration, and time of spinning are the adjustable parameters directly linked to the 
equipment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Schematic representation of a spin coating setup. The sample is attached to the 
chuck which is spun at a desired rate (normally 1000-6000 rpm). The excess solvent is 
gathered on the side (exhaust). Adapted from ref. [86]. 
 
   The first theoretical survey of spin coating dates back to 1958 when Emslie et al. 
introduced the equations relating velocity to the film thickness, neglecting all the forces 
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except centrifugal and viscous.[87] The model is still adequate, although it ignores the concept 
of changing solvent properties due to changing concentration. The most important discovery 
in the model by Emslie et al. was that the initially rough liquid film becomes smooth in the 
latter stages of the spin coating.  
   The theory of spin coating was developed further by Acrivos[88] et al. and Meyerhofer[89] 
who included the uniform solvent evaporation rate to the mass balance equation. If the film is 
thin enough for the solvent concentration to be uniform, the mass balance for a non-volatile 
solute becomes: 
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where 
C is the volume fraction of the solute in the film 
H is the film thickness 
Q is the volumetric flow rate (solved according to [87]) 
R is the radial position (distance from the axis of rotation) 
Ω is the angular rotation rate 
µ is the kinematic viscosity 
   Equation (9) can be numerically solved. Meyerhofer found that the final film thickness (Hf) 
is nearly independent of the initial film thickness as long as the initial thickness is as large as 
100 µm. Another intriguing fact to arise from equation (9) was the explanation for the film’s 
smoothing towards the end of spin coating: first, when the film is thick, the fluid flow 
dominates the thinning, but later, when the film is much thinner, the fluid flow becomes very 
slow and the film thinning occurs because of evaporation.[89] The transition from flow-
controlled to evaporation controlled thinning is abrupt and it has been approved by other 
models.[90-92] 
   Overall, spin coating consists of four stages: deposition, spin-up, spin-off, and evaporation. 
Deposition and spin-up are the fast initial stages. The substrate is accelerated to the final 
rotation speed within seconds or less than a second. Spin-up defines the initial profile of the 
film: the film is (at least) several microns thick and the following spin-off stage is dominated 
by the fluid flow on the surface and out of the film. Here, the film becomes non-uniform 
because of the greater velocity and hence a greater shear rate near the edge of the film, i.e. the 
film thins at a faster rate at the edge of the film than it does in the centre.  When the film has 
thinned enough, however, the shear rate becomes low enough throughout the film so that the 
coating solution can behave as a Newtonian fluid. For Newtonian fluids, the film thickness is 
uniform, according to Emslie et al.[87] The succeeding evaporation stage is generally uniform 
within the whole film.[86] Problems of instability are caused by highly volatile solvents, such 
as chloroform or dichloromethane, because their rapid evaporation causes a so-called 
Marangoni flow which is a secondary flow driven by temperature induced surface tension 
gradients that spontaneously develop in volatile thin films.[86,93] 
   Although equations like (9) offer possibilities to calculate the film thickness they are rarely 
used in practise. The unpredictable nature of, for instance, polymer solutions advocates the 
experimental solution. If a particular film thickness is required, the experimentalist prepares a 
number of samples with parameters of concentration, spinning speed and different solvents 
and extrapolates the desired thickness from the results.  
   The effect of different spin coating parameters on the thickness and roughness of a film will 
be explored in Chapter 5 of this thesis. Spin coating is also the deposition technique prevalent 
in Chapter 6 and 7.  
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2.8 Pulp and paper testing 
   Brief descriptions on the main pulp and paper testing methods employed in this thesis are 
given in this subchapter. A motivated reader is consulted to ref. [94] for a more 
comprehensive treat. 
 
2.8.1 Fibre analysis 
   Kajaani FS-200 is the most common device to measure fibre dimensions. Fibre length, 
number of fibres per gram and fines content in Chapter 3 have been determined with this 
equipment. Kajaani FS-200 is based on optical detection: a dilute fibre suspension is flown 
through a cuvette and the dimensions are recorded with a camera. Nowadays, the length 
weighted average (Liw) is the norm of expression.[95] 
   DAS-jar was used to determine the specific surface area of fibres and fines in Chapter 3. 
The method is based on a theory developed for drainage of pulp suspensions in a static 
former. The compressibility and permeability are monitored as the pulp sample is drained. 
From the drainage rate, the specific filtration resistance and pressure drop are tabulated. 
Specific surface area is calculated as the external hydrodynamic surface area.[96] 
   FiberMaster apparatus was utilised to measure the fibre width, curl index and kink index 
in Chapter 3. In FibreMaster, a dilute pulp suspension is pumped around in a loop where 
pictures are taken ca. 180 per second. Pictures are further image analysed in an attached 
computer. The curl index is calculated from the continuous changes in direction with respect 
to the length of the fibre. The kink index measures the amount of abrupt changes in the 
direction of a fibre. 
 
2.8.2 Pulp analysis 
   Schopper-Riegler (SR) method was utilised to examine the drainage resistance of the 
recycled samples in Chapter 4. SR testing involves filtering of dilute pulp suspension through 
a screening plate. A fibre mat is formed on the plate and the slowing of draining due to the 
fibre mat accumulation is monitored. The more rapid the slowing of draining, the higher the 
SR number. The SR depends heavily on the fines content and it is altogether rather a crude 
measure for swelling.[97,98] Nevertheless, it is frequently applied in the industry. 
   Water Retention Value (WRV) is a common way to measure swelling in fibre research. It 
is simply a measure of water remaining in pulp after centrifuging in order to get rid of the 
“free water” in the sample. WRV is widely used because it correlates well with the degree of 
beating[99] and it is a standard method for researchers who deal with fibre swelling.[100,101] 
WRV analysis is performed to the samples in Chapters 3 and 4. 
 
2.8.3 Paper analysis 
   Often so-called laboratory sheets are prepared with a standard method[94] from pulp samples 
to test the potential paper properties of the examined pulps. This section describes the 
methods to test the paper properties of those laboratory sheets. Again, ref. [94] is 
recommended for more elaborate explanations.  
   Bendtsen porosity test measures the permeability of a constant stream of air through the 
sample. It gives an idea of the pores between the fibres – i.e. the density of the fibre network -  
the samples have a good correlation within each other. If the correlation is poor, the air flow 
can give a similar number although the flow might take place through several smaller pores 
or fewer larger pores. The porosity due to air permeability should not be confused with the 
porosity within the fibres in chemical pulps (Chapter 1.5, 4.1). These pores are much smaller 
(nanometres) in size and they have a depth, i.e. they are not permeable. 
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   Internal Bond Strength is the energy (J/m2) measured to delaminate a sample. In the 
internal bond tester (Scott Bond tester), the sample is horizontally pressed between two self-
adhesive tapes and a pendulum is used to lift the upper part attached to the upper tape.  
   Tensile index is the tensile strength divided by basis weight of the sample (Nm/g). Tensile 
strength, on the other hand, is the maximum elongation and force per unit width (kN/m) that 
the test sample can withstand before breaking under the tensile load.  Tensile index is one of 
the primary measures of the strength of pulp. It depends strongly on the bonding between the 
fibres. 
   Tearing index is the tearing strength divided by basis weight of the sample (mN m2/g). 
Tearing strength, in turn, constitutes the mean force required to continue the tearing from an 
initial cut in the sheet. Tearing index is more dependent on the fibre length than the other 
strength properties, e.g. the tensile index.  
 
References 
[1]  Siegbahn, K.; Nordling, C.; Fahlman, A.; Nordberg, R.; Hamrin, K.; Hedman, J.; Johansson, 

G.; Bergmark, T.; Karlson, S.E.; Lindgren, I.; Lindberg, B. Nova Acta Regiae Soc. Sci. 
Upsaliensis 1967, 4:20, 1. 

[2]  Thomson, J.J. Philos. Mag. 1899, 5:48, 547. 
[3]  Einstein, A. Ann. Phys. (Leipzig) 1905, 17, 132. 
[4]  Rutherford, E. Philos. Mag. 1914, 6: 28, 305. 
[5]  Niemantsverdriet, J.W. In Spectroscopy in Catalysis, 2nd ed.; Wiley-VCH: Weinheim, 2000; 

Chapter 3. 
[6]  Briggs, D.; Seah, M.P. In Practical Surface Analysis; John Wiley & Sons: Chichester, 1983; 

Chapter 3. 
[7]  S.Hüfner, Photoelectron Spectroscopy – Principles and Applications; Springer: Berlin, 1996. 
[8]  Somorjai, G.A. Chemistry in Two Dimensions, Surfaces; Cornell University Press: Ithaca, 

1981.  
[9]  Briggs, D.; Beamson, G. Anal. Chem. 1993, 65, 1517. 
[10]  Axelson, G.; Ericson, U.; Fahlman, A.; Hamrin, K.; Hedman, J.; Nordberg, R.; Nordling, C.; 

Siegbahn, K. Nature 1967, 212, 70. 
[11]  Gelius, U.; Hedén, P.F.; Hedman, J.; Lindberg, B.J.; Manne, R.; Nordberg, R.; Nordling, C.; 

Siegbahn, K. Phys. Scr. 1970, 2, 70. 
[12]  Beamson, G.; Briggs, D. High Resolution XPS of Organic Polymers. John Wiley & Sons: 

Chichester, 1992. 
[13]  Scofield, J.H. J. El. Spectr. Rel. Phenom. 1976, 8, 129. 
[14]  Tanuma, S.; Powell, C.J.; Penn, D.R. Surf. Interface Anal. 1988, 11, 577. 
[15]  Tanuma, S.; Powell, C.J.; Penn, D.R. Surf. Interface Anal. 1991, 17, 911. 
[16]  Tanuma, S.; Powell, C.J.; Penn, D.R. Surf. Interface Anal. 1991, 17, 927. 
[17]  Tanuma, S.; Powell, C.J.; Penn, D.R. Surf. Interface Anal. 1993, 21, 165. 
[18]  Fadley, C.S. Prog. Solid State Chem. 1976, 11, 265. 
[19]  Sofia, S.J.; Premnath, V.; Merrill, E.W. Macromolecules 1998, 31, 5059. 
[20]  Cumpson, P.J. Surf. Interface Anal. 2000, 29, 403. 
[21]  Popat, K.C.; Sharma, S.; Desai, T.A. J. Phys. Chem. B 2004, 108, 5185. 
[22]  Gunter, P.L.J.; de Jong, A.M.; van Gruijthuijsen, L.M.P.; Niemantsverdriet, J.W. Appl. Catal. 

1992, 19, 161. 
[23]  Gunter, P.L.J.; Niemantsverdriet, J.W. Appl. Surf. Sci. 1995, 89, 69. 
[24]  Newton, I. In Opticks; Royal Society: London, 1704; Book 2, Part I, Obs. 1, 2, 8. 
[25]  Quincke, G. Ann. Phys. Chem. 1866, 5, 1. 
[26]  Hall, E.E. Phys. Rev. 1902, 15, 73. 
[27]  Harrick, N.J. Phys. Rev. Lett. 1960, 4, 224. 
[28]  Fahrenfort, J. Spectrochim. Acta 1961, 17, 698. 

    35



Chapter 2 

[29]  Mirabella, F.M. Internal Reflection Spectroscopy: Theory and Application; Marcel Dekker: 
New York, 1991. 

[30]  Hartauer, K.J.; Matheson, L.E.; Guillory, J.K. Appl. Spectrosc. 1988, 42, 699. 
[31]  Mirabella, F.M. Jr. Appl. Spectrosc. 1988, 42, 1258. 
[32]  Fina, L.J.; Chen, G. Vib. Spectrosc. 1991, 1, 353. 
[33]  Everall, N.J.; Bibby, A. Appl. Spectrosc. 1997, 51, 1083. 
[34]  Kirov, K.R.; Assender, H.E. Macromolecules 2004, 37, 894. 
[35]  Hong, S.U.; Barbari, T.A.; Sloan, J.M. J. Polym. Sci. B: Polym. Phys. 1996, 35, 1261. 
[36]  Hong, S.U.; Barbari, T.A.; Sloan, J.M. J. Polym. Sci. B: Polym. Phys. 1997, 36, 337. 
[37]  Sammon, C.; Mura, C.; Yarwood, J.; Everall, N.; Swart, R.; Hodge, D. J. Phys. Chem. B 

1998, 102, 3402. 
[38]  Laity, P.R.; Hay, J.N. Cellulose 2000, 7, 387. 
[39]  Flournoy, P.A. Spectrochim. Acta 1966, 22, 15. 
[40]  Yuan, P.; Sung, C.S.P. Macromolecules 1991, 24, 6095. 
[41]  Bensaad, S.; Jasse, B.; Noel, C. Polymer 1993, 34, 1602. 
[42]  Everall, N.; Mackeron, D.; Winter, D. Polymer 2002, 43, 4217. 
[43]  Park, S.C.; Liang, Y.; Lee, H.S. Macromolecules 2004, 37, 5607. 
[44]  Busch, H. Ann. Phys. 1926, 81, 974. 
[45]  von Ardenne, M. Z. Phys. 1938, 109, 553. 
[46]  von Ardenne, M. Z. Tech. Phys. 1938, 19, 407. 
[47]  McMullan, D. Electron. Eng. 1953, 25, 46. 
[48]  Smith, K.C.A.; Oatley, C.W. Br. J. Appl. Phys. 1955, 6, 391. 
[49]  Everhart, T.E.; Wells, O.C.; Oatley, C.W. J. Electron. Control 1959, 7, 97. 
[50]  de Silveira, G.; Forsberg, P.; Conners, T.E. In Scanning Electron Microscopy: A Tool for the 

Analysis of Wood Pulp Fibres and Paper in Surface Analysis of Paper; Conners, T.E., 
Banerjee, S., Eds.; CRC Press: Boca Raton, New York, 1995; Chapter 2. 

[51]  Wetzig, K.; Schultze, D. In situ Scanning Electron Microscopy in Materials Research; 
Akademie Verlag: Berlin, 1995. 

[52]  Williamson, J.B.P. Proc. Inst. Mech. Eng. 1967, 182, 21. 
[53]  Greenwood, J.A.; Williamson, J.B.P. Proc. R. Soc. London, Ser. A 1966, 295, 300. 
[54]  Whitehouse, D.J.; Bowen, D.K.; Chetwynd, D.G.; Davies, S.T. J. Phys. E: Sci. Instrum. 1988, 

21, 46. 
[55]  Morrison, E. Nanotechnology 1996, 7, 37. 
[56]  Binnig, G.; Rohrer, H. Helv. Phys. Acta 1982, 55, 726. 
[57]  Binnig, G.; Quate, C.F.; Gerber, Ch. Phys. Rev. Lett. 1986, 56, 930. 
[58]  Magonov, S.N.; Whangbo, M.-H. Surface Analysis with STM and AFM; Wiley-VCH: 

Weinheim, 1996. 
[59]  Binnig, G.; Rohrer, H.; Gerber, C.; Weibel, E. Phys. Rev. Lett. 1983, 50, 120. 
[60]  Giessibl, F.J. Science 1995, 267, 68. 
[61]  Sugawara, Y.; Otha, M.; Ueyama, H.; Morita, S. Science 1995, 270, 1646. 
[62]  Lantz, M.A.; Hug, H.J.; Hoffman, R.; Martin, S.; Baratoff, A.; Güntherodt, H.-J. Phys. Rev. B 

2003, 68, 035324-1. 
[63]  Klinov, D.; Magonov, S. Appl. Phys. Lett. 2004, 84, 2697. 
[64]  Giessibl, F.J.; Hembacher, S.; Bielefeldt, H.; Mannhart, J. Science 2000, 289, 422. 
[65]  Israelachvili, J.N. Intermolecular and Surface Forces, 2nd ed.; Academic Press: San Diego 

1992. 
[66]  Pérez, R.; Stich, Y.; Payne, M.; Terakura, K. Phys. Rev. B 1998, 58, 10835. 
[67]  Derjaguin, B.V.; Muller, V.M.; Toporov, Y.P. J. Colloid Interface Sci. 1975, 53, 314. 
[68]  Schenk, M.; Füting, M.; Reichelt, R. J. Appl. Phys. 1998, 84, 4880. 
[69]  Hertz, H. J. Reine Angew. Math. 1881, 92, 156. 
[70]  Rimai, D.S.; Quesnel, D.J.; Bowen, R.C. Langmuir 2001, 17, 6946. 
[71]  Sun, Y.; Akhremitchev, B.; Walker, B. Langmuir 2004, 20, 5837. 

 36



Hardware  

[72]  Salvadori, M.C.; Brown, I.G.; Vaz, A.R.; Melo, L.L.; Cattani, M. Phys. Rev. B 2003, 67, 
153404. 

[73]  Touhami, A.; Nysten, B.; Dufrene, Y.F. Langmuir 2003, 19, 4539. 
[74]  Sheiko, S.S. Adv. Polym. Sci. 2000, 151, 61. 
[75]  Martin, Y.; Williams, C.C.; Wickramasinghe, H.K. J. Appl. Phys. 1987, 61, 4723. 
[76]  Zhong, Q.; Imniss, D.; Kjoller, K.; Elings, V.B. Surf. Sci. 1993, 290, L688. 
[77]  Albrecht, T.R.; Grütter, P.; Horne, D.; Rugar, D. J. Appl. Phys. 1991, 69, 668. 
[78]  García, R.; Pérez, R. Surf. Sci. Reports 2002, 47, 197. 
[79]  Anon. User’s Guide: Stand Alone “Smena” – Scanning Probe Microscope; NT-MDT Co.: 

Moscow, 2000. 
[80]  Bar, G.; Thomann, Y.; Brandsch, R.; Cantow, H.-J.; Whangbo, M.-H. Langmuir 1997, 13, 

3807. 
[81]  Magonov, S.N.; Elings, V.; Whangbo, M.-H. Surf. Sci. 1997, 375, L385. 
[82]  García, R.; San Paulo, A. Phys. Rev. B 1999, 60, 4961. 
[83]  San Paulo, A.; García, R. Biophys. J. 2000, 78, 1599. 
[84]  Sheiko, S.S.; Möller, M. Chem. Rev. 2001, 101, 4099. 
[85]  Moreau. W.M. Semi-Conductor Litography; Plenum Press: New York, 1988. 
[86]  Larson, R.G.; Rehg, T. In Liquid Film Coating; Kistler, S.F., Schweizer, P.M., Eds.; 

Chapman & Hall: London, 1997; Chapter 14. 
[87]  Emslie, A.G.; Bonner, F.T.; Peck, L.G. J. Appl. Phys. 1958, 29, 858. 
[88]  Acrivos, A.; Shah, J.J.; Petersen, E.E. J. Appl. Phys. 1960, 31, 963. 
[89]  Meyerhofer, D. J. Appl. Phys. 1978, 49, 3993. 
[90]  Ohara, T.; Matsumoto, Y.; Ohashi, H. Phys. Fluids A 1989, 1, 1949. 
[91]  Sukanek, P. J. Electrochem. Soc. 1991, 138, 1712. 
[92]  Bornside, E.B.; Brown, R.A.; Ackmann, P.W.; Frank, J.R.; Tryba, A.A.; Geyling, F.T. J. 

Appl. Phys. 1993, 73, 585. 
[93]  Strawhecker, K.E.; Kumar, S.K.; Douglas, J.F.; Karim, A. Macromolecules 2001, 34, 4669. 
[94]  Levlin, J.-E.; Söderhjelm, L. Pulp and Paper Testing; Fapet Oy: Helsinki 1999. 
[95]  Bentley, R.G.; Scudamore, P.; Jack, J.S. Pulp Paper Can. 1994, 95, 41. 
[96]  Das, S.; Cresson, T.; Couture, R. Canadian Pulp and Paper Association, 85th Annual Meeting, 

Montreal, January 25th-29th, 1999; p. 1. 
[97]  Clark, A. Tappi J. 1970, 53, 108. 
[98]  Paavilainen, L. Pap. Puu 1990, 72, 516. 
[99]  Jayme, G.; Büttel, H. Papier 1966, 20, 357. 
[100]  Jayme, G. Wochenbl. Papierfabr. 1944, 6, 187. 
[101]  Wistara, N.; Young, R.A. Cellulose 1999, 6, 291. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    37



Chapter 2 

 
 
 
 
 
 
 
 

 38



 
 
 

CHARACTERIZATION OF INDUSTRIAL PULP 
SAMPLES 

 
 
 
3.1 Introduction 
   The objective of this chapter is to assess the applicability of the surface characterisation 
techniques presented in Chapter 2 to the pulp samples chosen by the EET Fibre Raw 
Materials project. The results of the surface analysis are compared with the bulk properties 
which were analysed by standard paper testing methods. The analysis methods reported here 
include X-ray Photoelectron Spectroscopy (XPS), Attenuated Total Reflection Infrared 
Spectroscopy (ATR-IR), and (Environmental) Scanning Electron Microscopy ((E)SEM). 
Among other techniques, Atomic Force Microscopy (AFM) is very difficult to perform on a 
fibre due to the roughness of natural fibres, although it is feasible with small scans (<1 
µm2).[1-3] Model surfaces of cellulose have been prepared where AFM can be applied, but the 
model surfaces are a subject to subsequent chapters from Chapter 5 onwards.  
   The need for surface characterization of authentic pulps is the same as with any other 
material: the surface qualities differ considerably from that of the bulk[4-12] while the surface 
properties determine the behaviour of the material in a number of occasions. In the case of 
fibres, the bonding properties of fibres to each other are largely determined by their surface 
properties. Fibre bonding dictates the strength of the fibre network and thus the strength 
properties of the subsequent end products, like paper. The precipitation of hydrophobic lignin 
and extractives on the surfaces during kraft pulping[8,9] hinders the formation of strong 
hydrogen bonds between the cellulose units of adjacent fibres. Moreover, as lignin tends to 
precipitate on the surface, the brightness of the pulp, among other things, is affected to a 
greater extent than the amount of bulk lignin would imply. 
   The extractives offer a paradigm of contrast between the bulk and surface properties, which 
is presented in Table 1.[8] 
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Table 1. Bulk vs. surface contents of extractives of kraft pulps with a declining degree of 
delignification. (Smaller kappa number denotes larger degree of delignification).[8] 

 
Kappa number Bulk extractives [%] Surface extractives [%] 

18 0.09 11 
29 0.10 12 
57 0.13 12 

 
 
   The three characterization techniques (XPS, ATR-IR, SEM) have been utilized in pulp and 
paper research before. XPS was pioneered for ligno-cellulosic materials in three publications 
by Dorris and Gray in 1978[4-6] who established methods to calculate the amount of 
extractives and lignin on the surface. It surfaced again in the 1990s in studies where influence 
of coatings on paper[7] or different pulping and bleaching sequences on kraft pulp were 
investigated.[8,9] Varying pulping and bleaching conditions have been subject to further 
applications ever since.[3,10-12] XPS has also been used to examine the surface chemical 
composition of individual fibres,[13] wood surface after weathering,[14] wood surface after 
acetylation,[15] kraft pulp surface after enzymic peeling[16] or to track down possible carbon-
chlorine bonds on surface of the pulp after bleaching.[17]  
   The first account of ATR-IR applied to natural fibres dates back to 1965.[18] The technique 
has recently been exploited in quantifying the amount of latex in paper coatings,[19] 
determining the distribution of chemical additives within a pulp fibre,[20] and analysing the 
distribution of lignin in kraft pulps.[21] However, ATR-IR has never really caught on as a 
prominent technique among the wood chemistry community. 
   SEM, on the other hand, has been so extensively used in the analysis of paper, pulp and 
wood samples since the late 1950s that a literature review on the subject is far beyond the 
scope of this thesis. As a curiosity it can be remarked that natural fibres were one of the first 
practical applications of SEM in 1959, following the move of K.C.A. Smith, one of the 
original developers of the microscope, to Pulp and Paper Research Institute of Canada.[22] It 
should be remarked that SEM has been used to provide the visual link to numerous 
investigations, for instance, effect of pulping, bleaching or beating to the fibre, influence of 
different chemical treatments on fibre, or the distribution of additives on paper surface. 
 
3.2 Experimental 
 
   Materials 
   Eight pulp samples were chosen by the EET fibre raw materials project with the intention to 
represent different aspects of industrial papermaking. These samples, together with their raw 
materials and treatment processes, are introduced in Table 2. 
   The pulp samples were provided in dry form (ca. 90% dry content), pressed to sheets. 
 
   Methods 
   Chemical composition. The milled samples were extracted with Soxtec-extraction using 
ethanol:toluene 2:1 at boiling temperature. The extracted samples were dried at 60 °C for 16 
hours and weighed afterwards. The content of neutral sugars and lignin of the ethanol-
extracted material was determined after a two-step hydrolysis with sulphuric acid (12 M for 1 
hour at 30°C; 1 M for 3 hours at 100°C). Neutral sugars were determined as their 
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Table 2. Composition of raw materials in the project samples. 
 

Sample Raw materials Treatment process 

Unbleached Kraft 70% spruce 

30% pine 

Kraft pulping 

Bleached Kraft 73% spruce 

27% pine 

1) Kraft pulping 

2) Chlorine-free bleaching 

Bleached Birch 78% birch 

22% aspen 

1) Kraft pulping 

2) Chlorine-free bleaching 

Softwood Sulphite 30% hardwood 

70% softwood 

1) Sulphite pulping 

2) Chlorine-free bleaching 

CTMP Aspen ~100% aspen Chemimechanical pulping 

DIP 38% softwood (chemical) 

54% hardwood (chemical) 

8% mechanical 

1) Recycling 

2) Deinking 

OCC (Old Corrugated 

Container) 

40% softwood (chemical) 

20% hardwood (chemical) 

40% mechanical 

Recycling, not deinked 

Mixed Waste 28% softwood (chemical) 

18% hardwood (chemical) 

54% mechanical 

Recycling, not deinked 

 
 
corresponding alditol acetates using gas liquid chromatography  with a flame ionization 
detector on a CP-Sil 88 capillary column (Chrompack, Middelburg, The Netherlands). The 
insoluble lignin (AIL) in the hydrolysate was measured by weight as Klason lignin, whereas 
the soluble lignin (ASL) content was determined by spectrophotometric determination at 205 
nm (Tappi standard UM 250). Uronic acids in the sulfuric acid hydrolysate were 
spectrophotometrically determined at a wavelength of 520 nm.[23] All samples were analyzed 
in triplicate. All these chemical analyses were performed by Wageningen UR Paper and 
Board. 
   Degree of polymerisation. 30-80 mg sample was added to 25 ml demineralized water and 
10 glass balls of 6 mm diameter in a plastic erlenmeyer. The fibre suspension was shaken in a 
rotary incubator (2 h, 250 rpm, room temperature). 25 ml of 1 M copper ethylenediamine 
complex (cuene) was added and the fibre solution was purged with nitrogen during 1 minute. 
The erlenmeyer was closed with a stopper and the sample was shaken 3 hours at 250 rpm. 
The efflux time of the final cuene solution was determined in a Cannon-Fenske capillary at 
25.0±0.1°C. Also the efflux time of the blanco 0.5 M cuene solution was determined. The 
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fibre solution in cuene was filtered through a clean G4 glass filter crucible and the insoluble 
fraction was gravimetrically determined. The pulp concentration in cuene was corrected for 
the insoluble fraction. Determinations of the degree of polymerisation were performed by 
Wageningen UR Paper and Board. 
   Crystallinity. The crystallinity of milled cellulose samples was determined by Wide Angle 
X-ray Scattering (WAXS) according to the method described by Hulleman et al.[24] 
Diffractograms were recorded on a Philips PC-APD diffractometer in the reflection geometry 
of the angular range 10–40. The CuK radiation from the anode operating at 40 kV and 50 mA 
was monochromatized using a 15 µm Ni foil. Diffractometer parameters were: divergence slit 
1°, receiving slit 0.2 mm, and scatter slit 2°. The analysis was performed by Wageningen UR 
Paper and Board. 
   Fibre length, number of fibre per gram, and fines content were determined by the 
Kajaani FS 200 standard apparatus (ISO/DIS 23713). The measurements were performed by 
SAPPI Fine Paper Europe, R&D. 
   Specific surface area was determined with DAS-jar standard apparatus, according to the 
details specified in [25]. The measurements were performed by Kappa Roermond Papier in 
The Netherlands. 
   Fibre width, curl index, and kink index were determined with the FiberMaster apparatus. 
Known amount of fibre (~0.1 g) is disintegrated and fed in the machine. The sample is 
diluted to ca. 5 litres and the suspension is pumped into a loop where the microscopic 
pictures are taken, followed by image analysis. The measurements were performed by Södra.  
   Ash content was analysed following a heating in 900OC. The measurements were 
performed by Kappa Roermond Papier in The Netherlands. 
   Water retention value was checked according to standard Tappi UM 256. It is based on 
the weigh ratios of  the wet pulp after centrifugation and completely dry pulp after heating. 
The measurements were performed by SAPPI Fine Paper Europe, R&D. 
   X-ray photoelectron spectroscopy (XPS). The spectrometer used was a VG Escalab 200 
system with an aluminium anode (Al Kα = 1486.3 eV) operating at 510 W with a background 
pressure of 2 x 10-9 mbar. The normal spectra were recorded with 20 eV pass energy, 0.1eV 
step and 0.1 s dwelling time. Easily discriminated peaks like carbon 1s and oxygen 1s were 
scanned 10 times, whereas the peaks for the elements with trace amounts on the surface (e.g. 
calcium) were scanned 50 times. The emission angle was 90o in all of the measurements. The 
samples were cut from the pulp samples and placed on a sample holder where it was attached 
with a carbon tape. The samples were kept in the introduction chamber in a pressure of 10-5 
mbar overnight to remove all the water within the sample. During the measurements the 
pressure on the main chamber was approximately 10-8 mbar. The C1s peaks were resolved to 
four peaks with a peak-fit program. These four peaks were the saturated carbon C1 (C-C), the 
hydroxyl carbon C2 (C-O), the carbonyl carbon C3 (O-C-O or C=O), and the carboxyl 
carbon C4 (O-C=O). The chemical shifts relative to C1 peak were 1.7 eV for C2, 3.1 eV for 
C3, and  4.4 eV for C4.[6,8] The peaks were fit to these positions with a fixed width to each 
other. The fitting was performed with 90 % Gaussian and 10 % Lorentzian curve shapes. 
   Attenuated total reflectance infrared spectroscopy (ATR-IR). A Nicolet Protege 460 
Fourier-Transform infrared spectrometer with Nicolet Smart Golden Gate Mk II attenuated 
total reflectance device with a diamond crystal was used to scan the 4000-650 cm-1 region, 32 
scans, 2 cm-1 resolution. The samples were cut to approximately 4×4 cm pieces that were 
measured at several points in order to prevent the chance of random error. A humidity 
chamber was utilized in some measurements: a vapour stream humidified the sample in an 
isolated chamber and a dry nitrogen stream dried the sample. 
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   Environmental scanning electron microscopy (ESEM). The electron microscopy was 
performed with a Philips XL 30 Field Emission Gun Environmental SEM with a secondary 
electron detector. Low voltage (2.0 kV), not the actual ‘environmental’ option, was used in 
the measurements.  
 
3.3 Results and discussion 
 
   3.3.1 Bulk properties 
   Figure 1 draws the attention to the carbohydrate composition of the pulp samples. The 
figures have been obtained by breaking the polysaccharides into monomers and analysing 
their respective ratios. The high glucose content in each sample originates mainly from 
cellulose. Visible are the known trends (Chapter 1.4):[26] softwoods Bleached and Unbleached 
Kraft are rich on galactoglucomannan, whereas the arabinoglucuronoxylan is significantly 
reduced during kraft pulping due to the easy hydrolysis of the furanosidic bond, whereas 
xylan is more likely to remain in the fibre due to the relative stability of the pyranosidic 
bond.[27,28] In contrast, Bleached Birch and CTMP Aspen have low amounts of mannose in 
correlation with the lower mannose content in the glucomannan of hardwoods. 
Glucuronoxylan shows up with the high concentration of xylose with Bleached Birch and 
CTMP Aspen. There is a relatively higher content of uronic acids with these two samples, 
again attributed to the behaviour of hardwoods during pulping.[27] Judging by their 
hemicellulose distribution, the recycled samples (OCC, Mixed Waste) appear to consist 
mainly of softwood fibres except for DIP whose slightly higher xylose and lower mannose 
content point towards hardwood dominance. These presumptions are ascertained by Table 2 
in the Experimental section of this chapter. 
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Figure 1. Carbohydrate distribution in the pulp samples. Polysaccharides were hydrolysed to 
monomers and the quantities were analysed. Carbohydrate monomers found were:arabinose 
(ara), xylose (xyl), mannose (man), galactose (gal), glucose (glu), and uronic acids (UA). 
Units refer to weight percentages. 

    43



Chapter 3 

   The characteristics of the cellulose and the amounts of lignin and extractives within the 
samples are revealed in Figure 2. Crystallinity shows the percentage of crystalline cellulose in 
the sample in contrast to the amorphous, and the degree of polymerisation describes the 
amount of glucose monomers in the average cellulose chain. Crystallinity does not show a 
great diversity (Figure 2a). Bleaching increases the crystallinity ratio slightly since some of 
the amorphous cellulose is lost during bleaching.[28] Bleaching also reduces the degree of 
polymerisation which has to do with the degrading end-wise peeling reactions chain scission 
during bleaching (Figure 2a).[28] Recycled grades OCC and DIP have expectedly a low degree 
of polymerisation but Mixed Waste has a higher degree than most chemical pulps. This is due 
to its relatively high content of mechanical mass (54 %, Table 2): cellulose in mechanical 
pulp has a higher chain length since no chemical operations are performed that would induce 
scission or peeling of the cellulose chains. 
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Figure 2. (a) Crystallinity and degree of polymerisation (DP) of the cellulose in the pulp 
samples. (b) Extractives and lignin content of the pulp samples. Units refer to weight 
percentages. 
 
   Figure 2b completes the chemical characterization of the pulps with their lignin and 
extractives content. The bleached chemical pulps are logically low on lignin, exemplified by 
Bleached Kraft, Bleached Birch and Softwood Sulphite. The Unbleached Kraft sample shows 
the drastic effect of bleaching on the residual lignin content when compared with Bleached 
Kraft. The DIP shows that lignin can be efficiently removed from recycled pulps, too. CTMP 
and non-deinked recycled grades (OCC, Mixed Waste) have a high lignin content. 
   Difference between Unbleached and Bleached Kraft illustrates how bleaching reduces the 
extractives (Figure 2b). Pulping and bleaching decreases the relative extractives content more 
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in softwoods (2.5-4.5 % in Scots pine) than in hardwoods (1.0-3.5 % in silver birch). The 
highest amounts of extractives are found in the non-deinked recycled samples (OCC, Mixed 
Waste). Many of these extractives probably do not originate from wood but from printing 
inks and various materials that can accumulate during various processes and the life cycle of 
the paper sheet before it is recycled. 
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Figure 3. (a) Average length and width per weight unit of the fibres in the pulp samples. (b) 
Curl and kink indexes of the fibres in the pulp samples. (c) The number of fibres per weight 
unit in the pulp samples. 
 
   The description of the physical properties of the fibres begins in Figure 3a with fibre length. 
It restates the well-known fact[26,29] that softwood fibres (Unbleached and Bleached Kraft) are 
longer than hardwood fibres (Bleached Birch, CTMP Aspen). Softwood Sulphite fibres are 
slightly shorter because of their 30% hardwood content (Table 2). Recycled grades (DIP, 
OCC, Mixed Waste) have in-between figures due to their mixed composition (Table 2) and 
the recycling process which damages the fibres. 
   Fibre width is also introduced in Figure 3a. Softwood fibres are wider than hardwood 
fibres, so the trends are similar to those of the fibre length, although the contrast is not as 
stark in width as it is in length.  
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   The kink index in Figure 3b illustrates how hardwood fibres have fewer kinks than 
softwood fibres. The recycled fibres have the least number of kinks. This is in correlation 
with the fibre length (Figure 3a). The curl index, also in Figure 3b, shows a similar trend to 
the kink index. If more conclusions than a correlation to the length were to be drawn, we 
would need more correlation between the samples, i.e. specific treatments to one species of 
pulp.  
   The number of fibres per mass unit (Figure 3c) correlate with the fibre length and width 
(Figure 3a): the longer and wider the fibre, the less their number per gram. Mixed Waste and 
OCC are the only ones in discontent with the fibre length, arguably because of the large 
content of non-fibre material in the non-deinked grades. 
 
   Figure 4a sums up the specific surface areas of the pulp, its fibres, and its fines. Bleaching 
increases the surface area because of the removal of lignin from the cell wall and the 
fibrillation caused by the process. The smaller width of the hardwood fibres (Bleached Birch) 
is the reason for their higher surface area in contrast to softwood (Unbleached Kraft, 
Bleached Kraft). Recycled pulps (DIP, OCC, Mixed Waste) have an increased fines content 
(Figure 4b) that contributes to the surface area of the whole pulp. Mixed Waste has the 
highest specific surface area due to the large amount (54%) of mechanical pulp (Table 2). 
      Figure 4b illustrates the fines content in the pulps. Expectedly, the recycled grades (DIP, 
OCC, Mixed Waste) have more fines than the pulps from virgin fibre. The presence of 
particles not from a fibre origin adds up to fines in recycled, as does their amount of very 
small fibre fragments that can be accounted as fines. 
   The non-deinked recycled grades (OCC, Mixed Waste) dominate the ash content figures of 
Figure 4c. The high number of ash with these pulps stems from the diversity of production 
processes for the raw materials, e.g. the inorganic material from printing inks.  
   Finally, the water retention values are collected to Figure 4d. The figures appear to be 
arbitrary, not showing the expected trend of lower values for recycled grades. This is a good 
example of the lack of correlation between the samples, a theme which will be revisited in the 
conclusion of this chapter. 
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Figure 4. (a) Specific surface area of the pulp samples, and the specific surface areas of the 
fibres and the fines. (b) Fines contents (weight percentage), (c) ash contents after heating in 
900OC, and (d) water retention values of the pulp samples. Notice the different order of the 
subheadings compared with the other images: (a) to (d) upwards. 
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   3.3.2 XPS 
   Figure 5 shows the resolved carbon peak from an XPS scan for Bleached Kraft and Mixed 
Waste samples. The samples represent two extremes in the project sample collection: 
Bleached Kraft is of chemically pulped, fully bleached fibre, whereas Mixed Waste is non-
deinked recycled fibre, originating from diverse paper grades. The non-deinked status of 
Mixed Waste is particularly influential on its surface properties since virtually any kind of 
filler material or substances from various printing inks or coatings are precipitated on the 
surface. The large aliphatic carbon contribution (C-HX) at 285.0 eV in Mixed Waste is clearly 
a result of the remnants of printing inks, coatings, retention aids etc. 
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Figure 5. Deconvolution of the C1s peak in the XPS spectra of two project samples, 
representing extreme qualities: (a) Mixed Waste (non-deinked recycled pulp) and (b) 
Bleached Kraft (high-quality chemical pulp from virgin fibre). The peak can be resolved with 
a Gaussian-Lorentzian fit with respect to their bonding with oxygen: no bonds (C-HX), one 
bond (C-O), two bonds (O-C-O or C=O), and three bonds (O-C=O) to oxygen. 
 
   Table 3 summarizes the possible sources for different contributions in the C1s 
deconvolution of lingo-cellulosic materials. It is evident from this table that XPS alone 
cannot be used to draw far reaching conclusions about the surface composition of the fibre. 
The only relatively unambiguous feature is the aliphatic contribution (C-HX) which is 
attributed to the hydrocarbon extractives. Residual lignin has also a substantial number of 
oxygen-less carbon but the varying of the aliphatic contribution has been found to be caused 
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by varying extractives content.[8] Moreover, the structure of residual lignin – especially of 
that which is enriched on the surface – is unknown. Accordingly, the aliphatic contribution 
can be used in comparison of different samples for the relative amount of surface extractives.  
 
Table 3. Causes for the different carbon contributions in an XPS spectrum of a pulp sample. 

 
Contribution Source in the pulp sample 
C-HX Hydrocarbon extractives, Lignin 
C-O (OH) Cellulose, Hemicellulose, Lignin 
O-C-O Cellulose, Hemicellulose 
C=O Hemicellulose, Lignin, Extractives 
O-C=O Lignin, Hemicellulose, Extractives 

 
   The absolute value of the C-HX contribution should be handled with care. XPS is a very 
surface sensitive technique. Its sampling depth is often cited to be 10 nm, but one must 
remember that the photoelectrons that reach the analyser are of a statistical distribution, not 
an equal amount of electrons extracted from each atomic layer up to 10 nm on the surface. 
While XPS is capable of gaining information of the first 10 nm, 70 % of the photoelectrons 
originate from the first 3 nm on the surface. 10 % aliphatic contribution in the C1s spectra 
actually accounts only for a few ångströms, provided that the oxygen-less hydrocarbons are 
really a layer on top of the fibres.[30] This would correspond roughly to a monolayer - or even 
less than a monolayer - of hydrocarbon impurities which may originate from laboratory air or 
from the pump oil of the XPS equipment itself. Virtually any sample contains small amounts 
of saturated hydrocarbons when analysed in XPS, even when inorganic, carbon-less material 
is in question.[31] 
 

Table 4. Contributions of different carbons and the O/C atomic ratios on the surface of the 
project samples. 

 
Sample CHX 

[%] 
C-O 
[%] 

C=O 
[%] 

O-C=O 
[%] 

O/C 
 

Bleached kraft (NBSK1) 14 65 19 2 0.85 
Bleached Birch 29 55 15 2 0.72 
Unbleached kraft 40 49 11 0 0.64 
Softwood sulphite 35 51 13 1 0.59 
CTMP Aspen 28 58 11 2 0.68 
De-inked recycled (DIP) 20 61 17 2 0.86 
OCC 41 46 10 3 0.64 
Mixed Waste 44 48 9 0 0.64 

 
   The contributions of each carbon type and O/C atomic ratio in each project sample are 
given in Table 4. A number of observations can be made. Comparing the de-inked DIP with 
the non-de-inked OCC and Mixed Waste, we learn that the residual printing inks and various 
other materials increase the hydrocarbon content on the surface. This correlates with the bulk 
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extractives content (Figure 2b). Furthermore, bleaching reduces the extractives on the 
surface, which is visible from the comparison of the aliphatic contributions of bleached and 
unbleached kraft. This is also the trend with the bulk extractives (Figure 2b).  A small but 
detectable increment during the bleaching is within the carboxylic groups (O-C=O), which is 
also a reported phenomenon in the bulk, owing to the oxygen-based bleaching chemicals that 
promote, for example, the oxidation of carbonyl groups to carboxyl groups, originating 
mainly from lignin.[32] The concomitant surface enrichment of oxidized domains in kraft pulp 
has been reported in the literature.[10] 
   The C-HX surface contribution does not always correlate with the bulk extractives content. 
For instance, OCC and Unbleached Kraft have similar C-HX figures (~40 %) whereas the 
bulk extractives content of Unbleached Kraft is just a quarter from that of OCC (Table 4). 
This has to do with the tendency of extractives to precipitate on the fibre surface during 
chemical pulping. The phenomenon does not happen to the same extent in recycling, 
although the recycled fibres do have an excess of extractives on the surface compared with 
the bulk. Of course, a lot of the fibres originate from chemical pulping processes in the first 
place, which can bring the argumentation to an endless conundrum since the origins of the 
recycled fibres are poorly defined. 
   The O/C ratio of the Bleached Kraft sample is very near to the theoretical value of cellulose 
(0.83, Table 4). The C-HX contribution being very low (14 %) and taking into account the 
earlier paragraph on hydrocarbon impurities, Bleached Kraft can be concluded to be an 
exceptionally pure sample consisting mainly of carbohydrates on the surface. If lignin is 
enriched on the surface of Bleached Kraft, however, it might be buried under xylan which has 
a known tendency to precipitate in fibre surface during kraft pulping.[33] Lignin has a 
theoretical O/C value of 0.33 and xylan 1.0. A combination of these can affect the otherwise 
sound O/C of 0.85 in Bleached Kraft and it might be, therefore, that the surface is not entirely 
comprised of cellulose. This would, however, contradict the high surface extractives content 
in Unbleached Kraft (40 %, Table 4) since it is also kraft pulped fibre. This is an example of 
ambiguity in the XPS interpretation of natural fibres, even with the purest of samples. 
   The surface and bulk extractives contents of Bleached Kraft and Mixed Waste were 
determined analogously to the method described in  refs. [4] and [8] which overcomes the 
dilemma of absolute number of the C-HX intensities, provided that the samples and 
measurement conditions are reproducible. The reproducibility is tricky both with fibres 
(which are always chemically different) and the surface sensitivity of the XPS (surfaces are 
susceptible to chemical changes by smallest amounts of impurities). Nevertheless the method 
in [4] and [8] has been proved to produce comparable results and rational trends.[7,9]  
   The solvent used was acetone. Bleached Kraft showed a bulk content of 0.1 % and a 
surface content of 8 %, while Mixed Waste gave 1.6 % and 34 %, respectively. This is 
admittedly quantitative information, but the attempts to interpret it expose the problematic 
set-up of the project sample scenario. The samples were chosen by members of the industry 
in the project and the selection consequently represent the interests for collecting a database 
of qualities for the companies’ products. This does not exactly serve the academic interests. 
In order to draw conclusions about how the different processes affect the surface qualities of 
fibres, the same fibre of a known origin would have to undergo defined processes in 
controlled conditions. This was not the case with the project sample selection where the 
samples have little correlation with each other. The extractives content on the surface of 
Mixed Waste is huge, but this information does not yield any concrete results because the 
surface extractives originate from arbitrary sources, such as various printing inks, coating 
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materials etc. from the recycled grade, and the explicit descriptions of these sources are 
unknown. 
 
   One intriguing technical result arose, however, from the experiments with the project 
samples. Our experiments were performed with an unmonochromated X-ray source. Because 
practically all the research on XPS with natural fibres in the past had been conducted with a 
monochromated beam, experiments were carried out to find out the extent of possible 
degrading beam damage to our samples. Figure 6 illustrates the results after 20 and 80 minute 
exposure to the X-ray beam.  
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Figure 6. Beam degradation of the Bleached Kraft sample under the X-ray gun during an 
XPS measurement. (a) C1s peaks after no exposure and after 20 minutes exposure to X-rays. 
The figure shows actually two curves which have been superimposed to emphasize the 
minimal change in the peak shape or size. (b) C1s peaks after no exposure and after 80 
minutes exposure to X-rays. Again, the peaks are superimposed and this time a small change 
in shape is detectable. Conclusion: 20 minutes exposure for unmonochromated X-rays does 
not degrade or otherwise alter the sample. 
 
   The unsuitability of an unmonochromated X-ray beam for natural fibres is stated ever so 
often in the literature[8,9,34,35] because of the claimed photochemical effects on the 
carbohydrate chain during the XPS-measurements.[36,37] Surprisingly we found that no 
changes took place in the C1s peak within 20 minutes measurement time: Figure 6a shows 
the two spectra of no exposure (0 min) and after 20 minutes exposure (20 min) completely 
superimposed. After 80 minutes, degradation effects were starting to show (Figure 6b). And, 
indeed, a closer look at the articles that have actually explained the phenomenon of 
carbohydrate reactions due to the X-ray treatment proved that the time before clear changes 
in the C1s peak could be identified was at least 80 minutes,[36,37] whereas it is possible to gain 
reproducible C1s and O1s peaks in less than 15 minutes with an unmonochromated beam. 
The advantages of the monochromated beam lie therefore merely in higher resolution which, 
however, is limited by the conductive properties of the sample. 
   Furthermore, the photochemical degradation as an explanation[36,37] for the changes in a 
fibre sample is questionable. Heat is generated during the XPS measurement,[38] and this 
might as well be the cause of oxidative degradation on the surface of the sample. If the 
manner of degradation is of interest, this can be easily determined by heating the sample 
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without the X-ray treatment in UHV and comparing this sample with a sample that has been 
exposed to an X-ray beam. 
 
   3.3.3 ATR-IR 
   The minimal sample preparation of the ATR-IR allows fast and reproducible analysis of the 
project samples. Unfortunately, the mere ATR-IR spectrum from an air dried pulp does not 
tell other than already acknowledged facts about the project samples. Figure 7 shows the 
spectra of Bleached kraft and OCC. The differences between the spectra of these two quite 
different pulps are visible but not really surprising. Common features are the hydroxyl 
contribution around 3500-3000 cm-1, the C-H on 3000-2700 cm-1 and the various peaks 
resulting from the glucopyranose ring of cellulose at 1200-750 cm-1. OCC has additional 
peaks at, for instance 1750 cm-1 (carbonyl). However, the source of these contributions are 
unknown or at least ambiguous because of the chemical diversity – and undefined nature – of 
the OCC grade. Furthermore, there are ways to track down different hemicelluloses and 
attempt to determine how much hardwood or softwood originating polysaccharides are 
involved, but the overlapping of such groups in the IR spectra makes interpretation difficult 
and, in this case, a bit irrelevant.[39] The same arguments about the lack of correlation 
between the project samples, that were stated in the previous section, apply here as well. 
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Figure 7. ATR-IR spectra of two project samples, representing extreme qualities: Bleached 
Kraft (high-quality chemical pulp from virgin fibre), and Mixed Waste (non-deinked recycled 
pulp). The spectra contain the usual peaks for ligno-cellulosic materials: OH-stretch at 3500-
3000 cm-1, C-H at 3000-2700 cm-1, C=O at 1650 cm-1, and the various contributions from the 
glucopyranose ring of cellulose at 1250-750 cm-1. 
 
   In addition, the sampling depth of 1 µm does not make the ATR a very surface sensitive 
method in comparison with e.g. the XPS. The advantages are in the minimal sample 
preparation and fast, reproducible measurements.  Again, ATR might be useful with the fibre 
when analysing the extent of chemical modifications. One has to bear in mind, though, that 
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the quantification of the ATR-IR spectra is not a self-evident issue with inhomogeneous 
samples such as pulp because the penetration depth of the evanescent wave can be distorted 
by the inhomogeneity of the sample.[40] 
   The prospects of IR analysis are interesting in paper chemistry because it allows - contrary 
to the XPS - the analysis of the pulp samples with water. Wetting and drying has been 
followed with ATR-IR and polymer surfaces before. Water inside a polymer has different 
physical properties, and it appears possible to find information about these properties with the 
changes in the water peak. In other words, the interactions of water with the polymer are 
expected to be visible in the IR. Sammon et al.[41] resolved the water peaks with PVC  to four 
different components all expected to be correspondent of  diversely bound water with the 
polymer. The water in the pores of the fibre cell wall has also different physical properties 
from bulk water[42] and these properties were hoped to be tracked down with ATR-IR. 
   For this reason, we devised the humidity chamber, an environmental cell built around the 
ATR-unit of the IR-spectrometer. The wetting of the sample is performed with vapour carried 
by a nitrogen stream. The sample can be dried with a dry nitrogen stream. Bleached kraft was 
chosen as the chemically most uniform sample to test the newly developed humidity 
chamber. Figure 8 shows the OH stretch of the wetting/drying experiment on Bleached Kraft. 
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Figure 8. Wetting and drying in the ATR-IR humidity chamber. Shape of the OH-stretch at 
3500-3000 cm-1 increases and decreases expectedly with varying water contents. The spectra 
have been normalized on the C-H stretch at 2872 cm-1. 
 
   Disappointingly, however, the peaks of different water contents in Figure 8 show a 
strikingly uniform shape in the OH-stretch region of 3500-3000 cm-1. Moreover, the wetting 
of the industrially dried pulp sheet with vapour was a harder task than expected. After several 
similar experiments with, for instance, additional heating to improve the wetting and no 
variation in peak shapes, it was decided to leave the humidity chamber for the model surface 
approach, since the pilot results indicated that the wetting of the model surfaces was far more 
prominent than with the project pulp samples (Chapter 5.3.2). In addition, the model surfaces 
possess a well-defined chemical composition which is advantageous if more unambiguous 
conclusions are to be drawn. There is, in fact, a study of pure cellulose (cellophane film) 
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where diffusion of water was followed by the ATR-IR.[43] However, it resulted in little more 
than finding out the diffusion coefficient. 
   The results with ATR-IR applied to model surfaces will be explained in Chapter 5 and the 
full treatise of wetting the model surfaces is offered in Chapter 6. 
 
   3.3.4 SEM 
   Project samples were subjected to SEM analysis with a series of different magnifications. 
Figures 9 and 10 illustrate the images with a magnification of 300 and 1200 times, 
respectively. 
   Figures 9 and 10 expose the expected trends in recycled, pulped, and bleached fibres. From 
the recycled grades, OCC and Mixed Waste have large amounts of fillers on the surface due 
to their manufacturing: these grades are not deinked or bleached. Large amount of the fillers 
in Mixed Waste and OCC are inorganic in appearance, correlating with the large ash content 
of these samples (Figure 4c). A clear difference can be seen with the DIP grade which, in 
contrast, is deinked. The large number of fillers from indefinite sources in OCC and Mixed 
Waste obviously contribute to the unpredictable features in their XPS data (Table 4). 
   For the bleached chemical pulps from virgin fibre (Softwood Sulphite, Bleached Kraft, 
Bleached Birch), the contrast is stark with the recycled ones, especially concerning their low 
fillers content. Recycled DIP appears similar to the virgin pulps but the distribution of the 
fibres is more heterogeneous with DIP. This non-uniformity is expected since source fibres 
for the recycled DIP are of different origins (Table 2). Nevertheless, the SEM images are in 
accordance with the low lignin content and low extractives content (Figure 2b) of DIP. 
Together the information proves that recycled grades can have qualities on par with virgin 
fibres when processed properly.  
   The influence of bleaching becomes evident when Unbleached Kraft is compared with 
Bleached Kraft, both of them from softwood material. Bleaching removes lignin from the 
surfaces and also fines and fillers, i.e. the fibres seem much cleaner. 
   The narrower width of the hardwood fibres (Bleached Birch) in contrast to the softwood 
fibres (Softwood Sulphite, Bleached Kraft) is also detectable by SEM (Figures 9 and 10) and 
correlates with standard analysis (Figure 3a). Smaller magnifications of Unbleached Kraft 
and CTMP Aspen (Figure 11) illustrate the obvious difference in length between the 
softwood fibres (longer) and hardwood fibres (shorter), as determined by the standard 
analysis (Figure 3a). Moreover, the SEM images in Figure 9 show that the number of fibres 
per area unit is greater in Bleached Birch and DIP than in Unbleached Kraft, Bleached Kraft 
of Softwood Sulphite. This can be translated that the number of fibres per gram is also greater 
in Bleached Birch and DIP, thus correlating with Figure 3c. 
 
   The smaller magnifications of Unbleached Kraft and CTMP Aspen (Figure 11) reveal that 
the amount of curls and kinks is larger with softwood fibres than with hardwood fibres. This 
is in agreement with the standard analysis of kink and curl indexes (Figure 3b), which is more 
than obvious since the kink and curl indexes were analysed with an optical microscope in the 
first place. SEM adds no new aspect to this. 
   The only chemi-mechanical pulp, CTMP Aspen, was prone to charging and thus difficult to 
image in higher magnifications. It shows similar differences compared with Bleached Birch 
as the differences between bleached and unbleached kraft: less fillers and fines in bleached 
material (Bleached Birch). Furthermore, aspen (a hardwood) fibres are clearly smaller in 
width than the softwood fibres, which is, again, analogous to the comparison  of data in 
Figure 3a. 
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Unbleached kraft APMP Aspen

OCC Softwood Suplhite

Mixed Waste NBSK1 - Bleached kraft

DIP Bleached Birch

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. SEM images of the 8 project samples. Magnification ×300. 
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Unbleached kraft APMP Aspen

OCC Softwood Suplhite

Mixed Waste NBSK1 - Bleached kraft

DIP Bleached Birch

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. SEM images of the 8 project samples. Magnification ×1200. 
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 (a) (b) 
 
 
 
 
 
 
 
 
 
 
Figure 11. SEM images of (a) CTMP Aspen, and (b) Unbleached Kraft. Magnification ca. 
×90. 
 
 
4. Conclusions 
   Ever since its first application to natural fibres XPS has shown the ability to clarify the 
contrast between surface and bulk properties. The extractives and lignin contents are enriched 
on the surface compared with the bulk and this contrast was clearly visible in the resolved 
C1s spectra of the project samples. Furthermore, some bulk trends in bleaching sequences, 
such as the introduction of carboxylic groups during oxygen and ozone bleaching, can be 
tracked down in the surface properties as well. Furthermore, an important technicality 
emerged from the project sample investigations: the monochromated X-ray source was not 
necessary to analyse natural fibres with XPS. The possibility to use ordinary, non-
monochromated source decreases the measurement time considerably.  
   ATR-IR presented an ability to vary the OH-stretch at 3500-3000 cm-1 as a function of 
fluctuating water content. Because of the short measurement time (~30 s) it can be deemed as 
an in situ technique for water determination. Unfortunately the shape of the OH-stretch did 
not display distinguishing characteristics, i.e. only the size, not the shape changed if the water 
content was increased or decreased. For determining certain functional groups within the 
fibre, ATR-IR is a prominent technique because of its minimal sample preparation. However, 
in this case the samples would have to undergo specific chemical treatments in order to know 
what to look for.  
   SEM is a powerful and effortless technique to image the fibres in micrometer scale. The 
physical trends - like the removal of fines and fillers, or the different nature of hardwood and 
softwood fibres – can be visualized with SEM. In fact, SEM measurements had the strongest 
link to the bulk properties of the pulp samples. The results, however, did not reveal any 
further knowledge that is not available in any decent textbook about wood fibres.[26,29,44] 
   As already explained in several occasions in this chapter, the lack of coherence between the 
different project samples was the main impediment for interpreting the results. Naturally all 
of the three methods discussed (XPS, ATR-IR, SEM) have their advantages and 
corresponding limitations but their full potential was not reached because of the 
discontinuity. The samples were chosen mainly by the industrial partners before my entering 
the project. They represent the variety of different pulping methods and serve the purpose of 
building a database of diverse analytical tools contributed by the members of the project. 
From the results of this chapter we can conclude that the recycled grades can have qualities 
on par with virgin fibres when processed correctly, as the comparison between Bleached 
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Kraft and the deinked recycled grade, DIP, show. However, samples from – seemingly – 
arbitrary industrial sources are not satisfactory for scientific research in general. Actually, 
most of the published research, which is carried out with natural fibres, use laboratory 
conditions for pulping and bleaching. The industrial parameters are often too vague for 
reproducible results. It must be emphasized that even with the controlled laboratory 
conditions, the conclusions are rarely explicit from, for instance, physical chemist’s point of 
view. The equivocal chemical and morphological nature of natural fibres leaves often room 
for loose interpretation. 
   Therefore, the experiments with natural fibres added little new to the already known, and a 
decision was taken to proceed towards the model surface approach with cellulose (Chapters 
5-7). Simultaneously, investigations with more defined natural fibres were carried out 
(Chapter 4). Arguably combining more surface techniques with more bulk analysis would 
have resulted in a greater number of conclusions but a decision to take the model surface 
approach was made early in the project. Taking into account the tradition and expertise of our 
laboratory and the scarcity of cellulose model surfaces in the literature, this pathway appeared 
natural and offered challenges of a more fundamental nature. The obvious advantages of 
model surfaces are further elaborated in the introduction sections of Chapter 5 and 6. 
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LABORATORY RECYCLING OF A 
REPRESENTATIVE PULP SPECIES 

 
 
 
4.1 Introduction 
   In the present chapter, we attempt to overcome the poor correlation between the samples in 
Chapter 3. A single species of fibre (Bleached kraft) is selected to undergo several loops of 
laboratory recycling and XPS and SEM are utilized to characterize the sample surfaces. 
   Since recovered fibre already makes up over one third of the total fibre used to make the 
world’s paper and the figure is set to increase,[1] there is a growing interest to research paper 
recycling in both engineering and fundamental aspects. Although often unambiguously 
quoted as environmentally friendly, one should treat the generalised remarks with care (one 
ton of recycled paper saves 17 trees etc.). Actually the main unquestioned environmental 
advantage is the save in landfill space. Sometimes paper recycling might end up using more 
resources than it saves. However, the environmental benefits, the lack of natural fibre 
resources in densely populated areas, the corresponding abundance of recovered sources, and 
the relatively good quality of recycled end products have guaranteed that paper recycling is a 
viable option and will stay that way. 
   While the actual papermaking procedure from recycled fibre is similar to that of virgin fibre 
(Chapter 1.5), the pre-treatment before the paper machine requires additional operations. 
These requirements depend on the eventual grade of the end product which set the demands 
for the cleanliness of the fibre. Recycled fibre contains a fairly large amount of various 
contaminants such as printing inks, coating materials, fillers, dyes, wax, sand, paper clips etc. 
Furthermore, recovered paper is nearly always a mixture of diverse fibre types.  
   As with the virgin fibre, the recycled raw material has to be slushed or pulped – or re-
pulped, to be exact - to individual fibres before the processing. This is done mechanically, 
first reducing the strength of the raw material by wetting. The pulp then goes through 
screening where debris and solid contaminants are removed. The screens are selected to 
monitor the particle size, shape and deformability of the contaminants. Smaller particles are 
abolished by centrifugal cleaning which distinguishes the separation by the density or specific 

    



Chapter 4 

gravity as well as particle size. Centrifugal cleaning removes sand, metal pieces, shives, and 
plastic foam among others.[2] 
   Obliterating the remaining printing inks in the fibre is done by deinking. In its simplest 
form deinking is just washing by water. The norm, however, is to use flotation – a process 
where air bubbles are carried through the pulp suspensions. The hydrophobic ink particles 
attach themselves to the bubbles which rise to the surface as a foam layer that is easily 
removable. Surfactants are generally added to the suspension in order to make the ink 
particles more hydrophobic. Deinking is commonplace in recycling processes. It does not 
take place with some packaging grades.[3,4] 
   Post-deinking bleaching is not routine with the recycled grades but it occurs whenever the 
end use demands the certain optical qualities. This is the case with, for instance, white linen 
chipboard, office paper or hygienic papers. Deinked recycled pulp is bleached with the same 
chemicals as the virgin fibre: hydrogen peroxide and dithionite are used for lignin-preserving 
bleaching and hypochlorite, oxygen and ozone for the lignin-degrading bleaching.[5] 
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Figure 1. Hornification. Most of lignin and hemicellulose is removed during chemical 
pulping, so that pores are formed between layers of crystalline cellulose microfibrils, 
presented here as lamellar structures. Thus, the fibre swells as the pores are filled when the 
fibre is soaked in water. When the fibre is dried, the microfibrils come in contact with each 
other and the subsequent wetting does not restore swelling. The microfibrils “zip-up” 
irreversibly, hindering swelling by water during the second wetting. Flexibility of the 
hornified fibres is lost and they are able to form fewer bonds with each other during sheet 
formation. Picture adapted from Kato et al.[11] 
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   Engineering challenges notwithstanding, the biggest problem in paper recycling is of 
fundamental nature. The key issue is the decrease in strength properties of fibre and the 
negative effect on  pliability of pulp upon recycling. The reasons for these losses in the 
eventual quality of paper are caused by the effect of drying-rewetting cycles. The chemical 
pulps are prone to the so called hornification phenomenon which takes place during the water 
removal from the fibre cell wall.[6-14] As a consequence of hornification, the swelling ability 
of the fibre reduces, thus the flexibility of the fibre reduces. The fibres become more brittle 
and stiff, which effects detrimentally the potential bonding between the fibres (Figure 1). In 
other words, the paper sheets produced by recycling chemical pulp are bulkier with a lower 
tensile strength simply because the fibre is wetted and dried.[8,15,16] The cross-section of the 
fibre collapses from the hollow lumen to a shrunken, closed structure. However, hornification 
does not directly follow the shrinkage.[17] The strength of the individual fibres might in some 
cases increase, although contradictory results have been reported.[8,18,19]  
   With the removal of lignin between the cellulose microfibrils, the kraft pulping induces 
formation of pores onto the cell wall (Figure 1).[13,14] The fibre cell wall is a hydrogel, so 
these pores exist only when the fibre is water saturated. The irreversible collapse of these 
pores between cellulose microfibrils upon drying is widely believed to be the reason for 
hornification.[9,11,14] With the concept “pores” we refer to the so-called macropores with a 
diameter of several hundreds of nanometers. The cell wall also has micropores (diameter 1-
200 nm) but these smaller pores are not created by chemical pulping since they are also 
prevalent in untreated wood.[14] Mechanical pulp, as untreated wood, still has most of the 
lignin between the microfibrils, which prevents the cross-linking between the fibrils in the 
macropores, and thus hornification occurs to a considerably lower degree.[9,14,18] 
   To summarize, hornification means that, in chemically pulped fibres, the pores which close 
upon drying do not open when exposed to water again (Figure 1). The irreversible pore 
closure still lacks a satisfactory explanation. “Irreversible hydrogen bonding” is often used 
but seldom further elaborated as a molecular scale explanation. The hypotheses for the 
reasons behind pore closure are diverse. One explanation is the formation of hydrogen bonds 
between cellulose units which are not only stronger but also qualitatively different, akin to 
the H-bonds in crystalline cellulose.[20] Another hypothesis is the hemiacetal type 
crosslinking  between cellulose and hemicellulose,[21] although subsequent surveys have 
contradicted that the loss of hemicellulose between the fibrils of the fibre cell wall during 
chemical pulping facilitates the strong irreversible hydrogen bonding between the cellulose 
units on the pore surface.[22,23] There are also accounts on inactivation of fibre surface by 
extractives during heating,[24] microcompressions during the shrinking of the fibre upon 
drying,[25] or hydrophobic bonding in fibre-water interactions.[26] As the crystallinity of the 
fibres does not increase,[27,28] but the modulus of elasticity in a fibre wall can double during 
recycling.[29] the strongest candidate for the mechanism of hornification is the 
cocrystallization of the crystalline domains in cellulose.[10,29] But even the recent research 
with 13C NMR[30] leaves many questions open, for instance, why the hornification seems to 
be enhanced by elevated temperatures. The problem with all of these hypotheses is that they 
are, indeed, hypotheses, and no hard evidence is provided to back them up. One can see from 
the references, moreover, that the research on hornification is scattered and lacks systematic 
nature. 
   The loss of swellability of the chemical pulps caused by hornification can be restored by 
beating although during the process large quantities of additional fines are produced and the 
production rates on the paper machine are thus reduced.[14,31] It seems that the reversion of 
swelling ability is not only caused by the introduction of secondary fines during the beating 
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but is also aided by the fact that beating opens pores in the cell wall with an increment in 
their volume. 
   The decrease in the strength properties of the recycled fibre are directly a cause of reduced 
bonding abilities between the fibres, thus an inter-fibre phenomenon. However, the reason for 
the reduced bonding lies in the lost elasticity of the fibre which is caused by the loss in 
swelling, that is, an intra-fibre phenomenon. Of course, for example the cocrystallization can 
take place in the place in the bonding position of the fibres, and the inter-fibre effects cannot 
be completely ruled out. 
   Further attention must be drawn to the use of the term hornification. In an engineering 
context, the word usually attributes to the reduced water retention value (measure for 
swelling) in the fibre on the course of recycling. Wood and paper chemists, on the other hand, 
use hornification for changes taking place in the fibre during recycling. The definition of 
these changes is often vague because the mechanism for hornification remains unknown. 
However, as these changes within the fibre are the actual cause for the reduced water 
retention value, we resort to the term hornification addressing to the chemical and physical 
changes in the fibre during recycling, i.e. decrease in flexibility because of the irreversible 
pore closure and the reasons therein. 
   Satisfactory explanation with hard evidence does not exist for hornification. The purpose of 
this chapter is to outline whether any new information can be extracted by surface analytical 
methods combined with bulk analysis on samples of natural fibre. ATR-IR is not discussed in 
the results since the differences in the spectra of the recycled samples were practically non-
existent. 
 
4.2 Experimental 
 
   Materials 
   The laboratory recycling procedure. All of the samples underwent laboratory recycling 
and were taken from gradual steps within the process. The procedure was devised and 
performed by Wageningen UR Paper and Board. Figure 2 summarises the steps. First, the 
virgin pulp, Bleached Kraft (chlorine free bleaching, see Chapter 3.2, Table 2 for composure) 
pressed to sheets, was pulped in a disintegrator (slushed in 2.4 % consistency in water (ISO 
5263:1995)), and beaten for 6000 revolutions in a PFI mill (ISO 5264-2:1979). Sample (1) 
was extracted at this point. The pulp was then washed in a Bauer McNett apparatus (Tappi 
standard 233, (screen: 200 mesh, 74 µm)) to remove the fines. The sheets were formed after 
this in a Rapid-Köthen instrument (ISO 5269-2:1980) from a diluted 0.5-1.0 % consistency. 
Pressing of the sheets was performed according to the standard ISO 5269-1:1979. Sample (2) 
was taken at this point. The sheets were then re-pulped, washing was performed again, and 
the sheets were pressed. Sample (3) was taken after these procedures. The re-pulping, 
washing, and sheet formation was then performed for three additional cycles (four cycles in 
total), which resulted in sample (4). Samples (5) and (6) are identical to sample (4), only they 
have undergone an additional beating step in a PFI mill for 2000 (sample (5)) or 6000 
(sample (6)) revolutions before the Bauer-McNett washing. In summary, the samples from 
(2) to (6) are all washed in Bauer-McNett apparatus, thus consisting of long fibres only (free 
from fines). 
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Figure 2. Laboratory recycling procedure. Beaten virgin pulp is washed (Bauer-McNett) and 
laboratory handsheets are formed by removing the water, pressing and drying. The dry 
handsheets are then slushed (re-pulped) and the cycle is performed again for given times.  
 
   Methods 
   Bulk extractives. The milled samples were extracted with soxtec-extraction using 
ethanol:toluene 2:1 at boiling temperature. The extracted samples were dried at 60 °C for 16 
hours and weighed afterwards. Extractives were determined by Wageningen UR Paper and 
Board. 
   Degree of polymerisation. 30-80 mg sample was added to 25 ml demineralized water and 
10 glass balls of 6 mm diameter in a plastic erlenmeyer. The fibre suspension was shaken in a 
rotary incubator (2 h, 250 rpm, room temperature). 25 ml of 1 M copper ethylenediamine 
complex (cuene) was added and the fibre solution was purged with nitrogen during 1 minute. 
The erlenmeyer was closed with a stopper and the sample was shaken 3 hours at 250 rpm. 
The efflux time of the final cuene solution was determined in a Cannon-Fenske capillary at 
25.0±0.1°C. Also the efflux time of the blank 0.5 M cuene solution was determined. The fibre 
solution in cuene was filtered through a clean G4 glass filter crucible and the insoluble 
fraction was gravimetrically determined. The pulp concentration in cuene was corrected for 
the insoluble fraction. Degree of polymerisation was determined by Wageningen UR Paper 
and Board. 
   Crystallinity. The crystallinity of milled cellulose samples was determined by Wide Angle 
X-ray Scattering (WAXS) according to the method described by Hulleman et al.[32] 
Diffractograms were recorded on a Philips PC-APD diffractometer in the reflection geometry 
of the angular range 10–40. The CuK radiation from the anode operating at 40 kV and 50 mA 
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was monochromatized using a 15 µm Ni foil. Diffractometer parameters were: divergence slit 
1°, receiving slit 0.2 mm, and scatter slit 2°. The analysis was performed by Wageningen UR 
Paper and Board. 
   Standard pulp and paper analysis. Drainage resistance was evaluated with the Schopper-
Riegler method (ISO 5627/1). Water retention value was performed according to the Tappi 
256 standard. Porosity was checked with the Bendtsen method (ISO 5636-3). Internal bond 
strength was analysed according to the Tappi 403 standard. Tensile index was determined 
according to ISO 5270, and tear index to ISO 1974:1990. All standard analyses were 
performed by Wageningen UR Paper and Board. 
   Polyelectrolyte adsorption. The pulp was first washed by adjusting the pH to 10 with 
KOH and retaining the pH for a few hours. The fibres were then washed with ion exchanged 
water until the pH was around 5.5. Subsequently, the suspension was now treated with HCl 
until pH was 2 and kept there for a few hours. The fibres were finally dewatered and washed 
with deionized water until the conductivity of water was lower than 2 µS/cm and the pH 
around 5.5. Adsorption of cationic poly(diallyldimethylammonium chloride) 
(polyDADMAC) was performed using pulp slurry at a consistency of 0.12% at pH 6.5 in 
1mM KNO3 to fix the ionic strength. Two different polyDADMAC grades were used, 
differing in molecular weight: 8 kDA (low molecular weight) and 500 kDa (high molecular 
weight). The concentration of polyDADMAC in different aliquots correspondent to different 
sampling was fixed to 20 ppm. This concentration is shown referring to the adsorption 
isotherms and corresponds to the plateau level. The complete recovery of the fibres surface is 
then assured. The fibres were separated from the liquid phase by filtration and the residual 
amount of polyDADMAC was determined by polyelectrolyte titration technique using an 
anionic polyelectrolyte (potassium polyvinylsulphate KPVS) and dye (orto-toluidine blue) as 
indicator of the end-point. All of the polyelectrolyte adsorption experiments were performed 
by Dr. Farid El-Farissi in Laboratory of Physical Chemistry and Colloid Science in the 
University of Wageningen. 
   X-ray photoelectron spectroscopy (XPS). The spectrometer used was a VG Escalab 200 
system with an aluminium anode (Al Kα = 1486.3 eV) operating at 510 W with a background 
pressure of 2 x 10-9 mbar. The normal spectra were recorded with 20 eV pass energy, 0.1 eV 
step and 0.1 s dwelling time. The emission angle was 90o in all of the measurements. The 
samples were cut from the pulp samples with clean tools and placed on a sample holder 
where it was attached with a carbon tape. The samples were kept in the introduction chamber 
in a pressure of 10-5 mbar overnight to remove all the water within the sample. During the 
measurements the pressure on the main chamber was approximately 10-8 mbar. The C1s 
peaks were resolved to four peaks with a peak-fit program. These four peaks were the 
saturated carbon C1 (C-C), the hydroxyl carbon C2 (C-O), the carbonyl carbon C3 (O-C-O or 
C=O), and the carboxyl carbon C4 (O-C=O). The chemical shifts relative to C1 peak were 
1.7 eV for C2, 3.1 eV for C3, and  4.4 eV for C4.[33,34] The peaks were fit to these positions 
with a fixed width to each other. The fitting was performed with 90 % Gaussian and 10 % 
Lorentzian curve shapes. 
   Scanning electron microscopy (SEM). The electron microscopy was performed with a 
Philips XL 30 Field Emission Gun Environmental SEM with a secondary electron detector. 
Low voltage (2.0 kV) was used in the measurements.  
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4.3 Results and discussion 
 
   4.3.1 Bulk properties 
   Table 1 gives the chemical parameters of the reference fibres and once recycled fibres. The 
degree of polymerisation is reduced, which is a bit intriguing since recycling is not really a 
chemical treatment. Fibre damage probably accounts to the reduction. Crystallinity stays 
practically unchanged, and the extractives content reduces to half of its former value, 
undoubtedly because of extensive washing during the recycling process (re-pulping, Bauer-
McNett washing). 
 

Table 1. Chemical characteristics of the reference and recycled fibres. 
 

Sample Reference (1) Recycled (3) 
Degree of polymerisation 1599 1486 
Crystallinity / % 52.2 51.3 
Bulk extractives / % 1.2 0.6 

 
   Figure 3a shows that the degree of drainage resistance, determined with the Schopper-
Riegler (SR) method, is largely dependent on the amount of fines. The removal of fines 
decreases drainage resistance substantially (contrast 1 vs. 2), whereas recycling does not 
really affect it (contrast 2 vs. 3 vs. 4). Beating after recycling not only restores the SR-
number to the level before the pulping but actually increases it (contrast 1 vs. 6), allegedly 
since it opens the pores, exposes more surface and induces fibrillation in the fibre. Since 
Schopper-Riegler actually measures the dewatering properties of the pulp, it is surprising that 
recycling does not affect it.  
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Figure 3. (a) Drainige resistance (Schopper-Riegler number) of (b) water retention value of 
samples 1-6.  
 
   The water retention value, on the other hand, does decrease as a result of recycling (Figure 
3b, 2 vs. 3) as well as the removal of fines (Figure 3b, 1 vs. 2). Water retention has been 
quoted as a better measure for water uptake of the fibres than the Schopper-Riegler 
method,[35,36] which is consistent with our results. The loss of water retention during recycling 
has to do with the afore mentioned hornification phenomenon. Intriguingly, fines are often 
credited as the main contributor in water retention value. For instance, a study by Zhao et 
al.[37] concludes that beating increases the water retention value mainly by the addition of 
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fines. However, our results suggest that hornification within the fibres, without the fines, is 
enough to lower the water retention value considerably (Figure 3b, 2 vs. 3), and the beating 
does restore the original water retention value of the fibres without the contribution of fines 
before recycling (Figure 3b, 1 vs. 6). The effect of beating can be attributed to the same 
reasons as with the drainage resistance: fibrillation, exposing new surface area and opening of 
the pores. 
   Conversely, the porosity increases as the fines are removed (Figure 4a, 1 vs. 2) and when 
recycling takes place (Figure 4a, 2 vs. 3). Normally, the large number of additional fines 
would make the recycled sheet less porous, as can be seen from the contrast between 
reference and the reference without fines (Figure 4a, 1vs. 2). That beating diminishes the 
porosity to the level of beaten virgin fibres with fines (Figure 4a, 1 vs. 6), is again a good 
example of the favourable influence of beating: the fibres become more flexible and are able 
to form a tighter network than the unbeaten recycled fibres (Figure 4a, 4 vs. 6). That the 
recycled sheet is more porous without the fines is a good example of hornification (Figure 4b, 
2 vs. 3). It must be emphasized that, despite its name, the Bendtsen porosity measurement 
does not probe the micro- or macropores in the fibre whose closure was earlier mentioned as 
a cause for hornification. It is a measure of pores (or holes) between the fibres (see the SEM 
results). 
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Figure 4. (a) Porosity (Bendtsen) and (b) internal bond strength of samples 1-6. 
 
   The internal bond strength of the test sheets decreased when the fines were removed 
(Figure 4b, 1 vs. 2) and decreased further as a result of recycling (Figure 4b, 2 vs. 3). The 
reduction of bond strength during recycling is in correlation with the hornification theory: 
fibres loose their flexibility and fewer and weaker bonds are formed between the fibres. The 
internal bond strength is not restored by beating to the level of virgin fibres with fines (Figure 
4b, 1 vs. 6) but to the level of virgin pulp without fines (Figure 4b, 2 vs. 6). The reversibility 
of the internal bond strength to the value of virgin pulp without fines is logical since both 
pulps (samples 2 and 6) are rid of fines, but it is in discontent with all the other measured 
bulk properties which are restored or even improved by beating compared with those of 
virgin pulp with fines (Figure 3-5, 1 vs. 6). To propose reasons for this would be too 
hypothetical within the confines of the present techniques. 
 
   As for the strength properties of the test sheets, the tensile index was slightly lowered by 
the loss of fines (Figure 5a, 1 vs. 2) whereas the decrease was more pronounced in recycling 
(Figure 5a, 2 vs. 3). Tear index, on the other hand, increased (Figure 5b, 1 vs. 2 and 2 vs. 3). 
Beating restored the original strength properties (Figure 5, 1 vs. 6). Beating increases the 
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fines content which, in turn, increases the tensile strength by acting as a kind of glue or 
bridge between the fibres.[36,38] The glue is removed when fines are removed and the tensile 
index goes down (Figure 5a, 1 vs. 2). The further decrease in tensile strength after recycling 
is attributed to hornification (Figure 5a, 2 vs. 3). The fines are re-introduced and fibrillation is 
facilitated by beating and the tensile strength is restored to the original level (Figure 5a, 1 vs. 
6). The slight increase of tensile strength between the first and fourth cycle (Figure 5a, 3 vs. 
4) happens probably because the fibres are able to form a tighter network, which is evident 
from the slightly reduced porosity (Figure 4a, 3 vs. 4). It can be speculated that the recycling 
acts as mild beating and due to fibrillation – as fines are not present in the sample 3 and 4 – 
enhances the bonding between the fibres. This, however, is illogical since the internal bond 
strength decreases between the samples 3 and 4 (Figure 4b). The tear index is much more 
dependent on the fibre length than the tensile index because in tearing, actual fibres can be 
broken, not just bonds between the fibres as with a tensile strength experiment.[39] In fact, the 
fibre length is such a determining factor that the tear index increases when only long fibres 
are involved, despite the fines removal and hornification, contrary to the tensile index (Figure 
5b, 1 vs. 2 and 2 vs. 3). Further cycles decrease the tear strength as the bonding between the 
fibres lowers as a result of further hornification (Figure 5b, 3 vs. 4). Beating reduces the fibre 
length, and the length-sensitive tear strength goes down (Figure 5b, 4 vs. 5,6). Increase in tear 
strength – and a corresponding decrease in tensile strength – in the early cycles (first and 
second) have been reported by Wistara et al.[12] and Chaterjee et al.[40] Furthermore, the tear 
index curve (Figure 5b) resembles the beating curve of softwood kraft where initial beating 
increases and further beating reduces the tear strength.[36,39] 
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Figure 5. (a) Tensile index and (b) tear index of samples 1-6. 
 
   Charge of the fibres was measured by polyelectrolyte adsorption, a method established for 
lignocellulosics by Wågberg et al.[41,42] The adsorption was performed with a low molecular 
weight (LMW) and a high molecular weight (HMW) polyelectrolyte. The idea was that the 
HMW has limited access inside the swollen area of the fibre whereas the LMW would adsorb 
anywhere in the swollen fibre medium, including the pores. To attribute the adsorption of the 
HMW as “surface charge” is incorrect but it gives and idea of accessibility. 
 
   Figure 6 shows that neither the removal of fines nor recycling has a significant effect on the 
adsorption of the HMW. The LMW, however, shows surprising behaviour. Fines removal 
expectedly reduces the LMW adsorption but recycling appears to increase the adsorption, 
almost restoring it to the level where it was before the fines were removed. This behaviour 
contradicts, for instance, the water retention value. The LMW adsorption has a 
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straightforward correlation to the charge of the fibre which, in turn, is responsible for the 
swelling of the fibre. One can speculate that there might be impurities emerging from the 
recycling process (water etc.) in the form of cations of higher valence, such as Ca2+ or Mg2+ 
replace easily the default H+ and Na+ counter-ions of the carboxylic groups in the fibre.[43] 
This is explained by the application of the Donnan theory[44] in the fibre-water system.[45] As 
a consequence, the swelling ability of the fibre is reduced because of fewer mobile counter-
ions in the fibre.[45,46] This is very unlikely, however, since the water retention reduces 
drastically (Figure 4b, 2 vs. 3) and the counter-ion effect can be responsible only to a minor 
extent. Another option is that if the recycling water is slightly acidic the Na+ ions are 
exchanged for H+ ions, which reduces the swelling since free carboxylic acids have a much  
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Figure 6. Polyelectrolye adsorption of samples 1-3. HMW corresponds to high molecular 
weight cationic polyelectrolyte (MW~500 000 g/mol) and LMW corresponds to low 
molecular weight cationic polyelectrolyte (MW~8000 g/mol). 
 
lower degree of dissociation than their sodium salt counterparts. Fewer cations are released 
into the direct vicinity of the fibre and the osmotic pressure from the surrounding solution 
into the fibre is reduced.[46] Overall, this is heavy speculation as no apparent reason could be 
pointed out. Moreover, these speculations are based on imperfections in the laboratory 
recycling procedure which has nothing to do with the reasons for hornification that are the 
original impetus of this work. Ambiguous results of the carboxyl content influenced by 
recycling with low consistencies of pre-beating (5 and 10 %) have been reported,[12] which 
suggests that hornification is linked to the charge in a more complex manner than previously 
assumed. (Carboxyls are the source of charge in the fibre in neutral pH.) However, those 
results include the fines within, not just the fibres. A wealth of new measurement points, 
preferably with different beating consistencies and further cycles would be necessary to 
provide any hard evidence on the effect of recycling to fibre charge. 
 
   4.3.2 SEM 
   Figure 7 shows SEM images progressing from the reference to the recycled sample in ca. 
×200 magnifications. The different appearance of the beaten virgin fibre (Figure 7a) stems 
from the fact that it is not a washed sample and a combination of virgin fibres and fines forms 
an altogether tighter network, which is also visible in the low porosity of sample 1 (Figure 
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4a). A tighter network (lower porosity) is also qualitatively apparent in the beaten recycled 
samples 5 and 6 (Figure 7e and 7f). 
 

(b) Virgin, beaten, washed (2)

(c) 1x recycled (3)(d) 4x recycled (4)

(f) 4x recycled, beaten (6)

(a) Virgin, beaten (1)

(e) 4x recycled, beaten (5)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. SEM images from samples 1-6, ca. ×200 magnification. 
 
   With the aid of Figure 8 showing the higher magnifications of beaten and washed reference 
sample 2 (Figure 8a), four times recycled sample 4 (Figure 8b), and four times recycled 
beaten sample 6 (Figure 8c), the effect of beating is more evident. Recycling the sample four 
times does induce some form of external fibrillation (Figures 7d and 8b) which is of a robust 
nature and hence does not facilitate the bonding between the fibres or forming of a tighter 
network. Beating causes more uniform and refined kind of external fibrillation (Figures 7e, 
7f, and 8c) that favourably affects the bonding between the fibres. These effects are 
qualitative observations, in agreement with various textbooks.[47,48] 
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(a) Virgin fibres, beaten,
washed (2)

(b) 4x recycled (4) (c) 4x recycled, beaten (6)

 
Figure 8. SEM images from samples 2, 4, and 6, ca. ×500 magnification. 
 
 
   4.3.3 XPS 
   Table 2 reveals the XPS data of the chosen samples. The O-C-O(or C=O)/C-O ratio is 
presented because it can reveal facts about chemical changes on the surface. The ratio seems 
rather stable, and practically no change is observed after the first cycle (sample 3 onwards). A 
higher ratio can, for instance, indicate a higher hemicellulose content on the surface but 
unfortunately without hard evidence.  
   An interesting account is the growth of the carboxylic functionality on the surface. The O-
C=O share gradually increases after first cycle (Table 2, sample 3), after four cycles (sample 
4), and further after beating (samples 5 and 6). A prosaic explanation would be that recycling 
simply exposes more surface area, so that the formerly “hidden” oxidised reducing ends of 
cellulose chains and oxidised acetyl groups of hemicelluloses are more prominently on the 
surface.  
 

Table 2. XPS data of the recycling simulation. 
 

Sample C-HX C-O 
O-C-O or 

C=O O-C=O O-C-O/C-O 
1 28.8 51.2 18.7 1.2 0.37 
2 25.6 54.3 18.9 1.2 0.35 
3 24.4 56.6 17.5 1.5 0.31 
4 19.0 61.1 18.1 1.8 0.30 
5 19.7 60.1 18.0 2.2 0.30 
6 22.7 57.8 17.6 1.9 0.30 

 
   Recycling reduces the surface extractives (C-HX ratio in Table 2) but this is a natural 
consequence of washing which also reduces the bulk extractives (Section 4.3.1, Table 1). A 
comprehensive discussion based on the XPS data is not possible. The shortcomings of the 
technique are evident when the sample is not well defined chemically, i.e. the sources for 
different C1s contributions are ambiguous (see Chapter 3.3.1, Table 3). This is one of the 
reasons why we opted for the model surface approach later in the project (Chapter 5 
onwards). 
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4.4 Conclusions 
   The aim of this chapter was to study the effect of recycling on natural fibres in controlled 
conditions. It is apparent to the reader of the results that the consistency of the samples and 
the controlled conditions accumulated into far better correlation and distinguished trends than 
the arbitrary industrial samples of Chapter 3. 
   The fines removal demonstrates the importance of fines in forming bonds between fibres 
(decreased bond strength, tensile index), in forming a tighter fibre network (increased 
porosity), and in water uptake (decreased water retention value, drainige resistance). The 
recycling steps illustrate how hornification makes the fibres stiffer, hence forming a loser 
fibre network (increased porosity) and how the swelling ability is not restored after 
drying/rewetting (decreased water retention value). These qualities have a direct influence on 
the strength properties, as the tensile index shows by reducing considerably as a result of 
recycling. The tear index behaves differently because it is more dependent on the fibre length. 
Therefore, abolishing the fines (short fibre fragments) the tearing strength increases since 
only long fibres are involved in sheet formation. 
   Further three cycles of recycling did not considerably affect the bulk properties. Tensile 
index increased and tear index decreased, indicating that further cycles might act as some 
kind of mild beating procedure. They also show that the first drying/rewetting step is by far 
the most significant as far as hornification is considered. 
   Beating restored the fibres’ original internal bond strength. In the case of other bulk 
properties (drainage resistance, water retention, porosity, tensile and tear index) beating 
restored the qualities of the fine-less fibres to the level of the virgin fibres with fines. This is 
in agreement with the favourable influence of beating to the chemical pulp and it is, indeed, 
the reason why it is performed so abundantly in virtuously any paper mill dealing with 
chemical pulp. It is not, however, the ultimate solution to tackle hornification because 
extensive beating large quantities of additional fines are produced and the production rates on 
the paper machine are thus reduced.[14,31] Beating also decreases the fibre length which is 
detrimental to the tear strength and, in the long run if multiple cycles up to seven or even ten 
are considered, extensive beating after each recycling step diminishes the fibre length to that 
extent that their quality becomes inferior.  
   The adsorption of high molecular weight cationic polyelectrolyte stayed relatively stable 
despite fines removal and recycling, whereas the low molecular weight polyelectrolyte 
adsorption was significantly influenced by both fines removal and recycling. That the fines 
removal decreases low molecular weight polyelectrolyte adsorption is not surprising since the 
fines have presumably a wealth of anionic groups. In contrast, the increase of low molecular 
weight polyelectrolyte adsorption during recycling is intriguing. Hornification should close 
the pores and make less anionic sites accessible for cationic polyelectrolyte adsorption.  
   SEM analysis did not yield much complementary information to the bulk properties. 
Obvious features, like the increase in porosity due to a looser fibre network, were detectable. 
Higher magnifications showed how the recycling induces some sort of crude fibrillation on 
the fibres. The fibrillation due to beating was far more uniform. 
   XPS revealed that the recycling reduces surface extractives, which is in correlation with the 
decrement of bulk extractives simply because of washing. The carboxylic content increased 
slightly during recycling and increased further during beating. Probably some previously 
‘hidden’ carboxylic groups have been exposed to the surface by recycling and beating which 
expose new surface in any case. 
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   Overall, the measured bulk properties gave results that were expected. The results were, in 
fact, very similar to the ones already published about laboratory recycling procedure.[12,40] 
New measurement points and analytical techniques are needed to find out more about the 
mechanism of hornification. For instance, standard strength measurements compared with 
solid state NMR and some simple chemical analyses like the amount of phenolic hydroxyl 
groups and degree of polymerisation would already yield considerable information. The 
ATR-IR showed practically no changes in the samples, but probably the dynamic FT-IR or 
Raman spectroscopy for both fibre network and individual fibre would give interesting results 
because dynamic IR is linked to the mechanical properties of the sample.[49]  
   An unfortunate clash of interests occurred while devising the procedure. The source 
material used was bleached softwood kraft which was already dried and pressed into sheets. 
It had, in other words, been dried already once so that the first recycling step (sample 2 to 3) 
is, in fact, the second recycling step. This makes a decisive difference since the first drying 
step is usually quoted as the pivotal one concerning hornification. The recycling procedure 
was designed by Wageningen UR Paper and Board, and their planning was from the 
industrial point of view. In the Netherlands, the pulp mills are never integrated with the paper 
mills, so the pulp is always dried once for the transportation before it enters the paper mill. 
Scientifically the effect of the first drying step would have been interesting, but we were now 
unable to follow it. 
 
   In consequence, we did not consider further experiments with natural fibre. We took the 
decision to explore the possibilities of cellulose model surfaces because it was more akin to 
the tradition, equipment, and the expertise in our laboratory of surface science. Furthermore, 
the basic equipment for pulp handling were not available in our university. It is clear from the 
results of this chapter, especially the XPS (4.3.3) that the defined chemical nature of the 
samples is advantageous. This is next to impossible with the fibre as the precise chemical 
nature of for example residual lignin in kraft pulp is unknown. Moreover, fibres are not 
uniform in chemical and morphological terms. With cellulose model surfaces we have not 
only chemically but also morphologically well-defined sample.   
   Chapters 5-8 will illustrate the challenges, advantages, and applications of cellulose model 
surfaces. 
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CELLULOSE MODEL SURFACES - SIMPLIFIED 
PREPARATION AND CHARACTERIZATION BY XPS, 

ATR-IR, AND AFM1 
 
 
 
5.1 Introduction 
   As explained in the introduction of this thesis (Chapter 1.4), native cellulose is usually 
included in a cell-wall matrix like wood fibre. It means that other compounds, like lignin and 
hemicellulose, are embedded in cellulose and that they cannot be removed without altering 
the structure and morphology of native cellulose. Moreover, cellulose in nature comes in both 
amorphous and crystalline forms.[1] In addition to this complexity, each individual cell is – as 
a product of nature - different in morphology and chemical composition. Under these 
circumstances, a need for a representative, homogeneous model of cellulose is evident. 
   Smooth, ultra-thin model surfaces of well-defined substances provide means to observe the 
chemical and morphological changes in various conditions that resemble industrial processes. 
The amount of fundamental information that can be extracted from model surfaces is already 
widely recognized in, for instance, catalysis research[2] and polymer technology.[3-8] 
   The seminal difficulty of creating model surfaces from cellulose has been its reluctance to 
dissolve into conventional organic and inorganic solvents. There is a number of solvents 
available, such as lithium chloride in dimethylacetamide,[9] N-methylmorpholine-N-oxide 
(NMMO) monohydrate,[10] or the cadmium complex with ethylenediamine (Cadoxen)[11] but 
while they are suitable for analytical and synthetic purposes, they are very difficult to work 
with from the point of view of model surface preparation. This is also the reason why easily 
dissolving cellulose derivatives have been subjects for model surfaces with a wider interest 
than cellulose itself.[12-15]  
   The first successful model surface of cellulose was introduced a decade ago when 
Langmuir-Blodgett (LB) deposition was used to produce films of trimethylsilyl cellulose 
(TMSC) which could be easily hydrolysed to cellulose.[16,17] The elegance of this technique 
                                                 
1 The contents of this chapter have been published in: Kontturi, E.; Thüne, P.C.; Niemantsverdriet, J.W. 
Polymer 2003, 44, 3621 and Kontturi, E.; Thüne, P.C.; Niemantsverdriet, J.W. Langmuir 2003, 19, 5735. 
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lies in the easy transformation of the TMSC derivative to cellulose with vapour phase acid 
hydrolysis after the TMSC has already been deposited on the substrate (Scheme 1). The 
method was introduced in the early 1990s by Wegner and co-workers[16,17] and developed 
further in studies with surface forces[18,19] and hydroxyl accessibility.[20] 
 
   The LB technique, however, requires special equipment like the Langmuir-trough, and 
rather demanding conditions, e.g. a computer controlled thermostat. Therefore, we set out to 
establish a new, simplified method based on spin coating to prepare smooth, ultrathin films of 
cellulose. Spin coating is a process in which a polymer or colloid containing liquid film is 
spread by centrifugal forces onto a rotating substrate and the liquid is evaporated with the 
help of high speed spinning leaving a smooth, uniform film with thickness that can be 
modified by altering parameters such as original solution concentration, spinning speed and 
choice of solvent.[21-23] In addition, spin coaters are widely abundant in laboratories of 
polymer and surface science throughout the world. 
   Spin coating is not a new technique for making cellulose model surfaces. The earliest 
attempt was to spin coat cellulose straight from trifluoroacetic acid,[24] which unfortunately 
has an obvious disadvantage of chemically modifying the cellulose.[25] Geffroy et al. 
exploited spin coating of TMSC and subsequent acid hydrolysis to cellulose,[26] but 
regrettably the characterization of these films was minimal and the method was left 
unexplored. Furthermore, NMMO has been used as a direct solvent to spin coat cellulose on 
smooth silica surfaces.[27,28] This method, however, lacks the reproducibility to an extent and 
the characterization of the chemical structure of the films is still meagre. The recent 
methods[26-28] also involve a use of anchoring polymer between the substrate and especially 
spin coating from NMMO[27,28] is a lengthy procedure including pretreatment of the silica 
substrate and a prolonged washing stage after the deposition.  
  With the disadavantages of the aforementioned methods in mind, we wanted to establish a 
fast, simplified, reproducible method to prepare ultrathin model surfaces of cellulose, which 
is comprised of four stages: 
 
(i) Synthesis of TMSC from cellulose, performed in homogeneous environment. 
 
(ii) Spin coating of the dissolved TMSC to a smooth substrate. Concentration of the TMSC 
solution, choice of solvent, and spin coating speed are parameters that determine the 
morphology and thickness of the layer.  
 
(iii) Hydrolysis of the coated TMSC layer back to cellulose in a vapour phase acid hydrolysis. 
The hydrolysis happens very fast (< 1 min) but can be controlled and left incomplete with 
moderate concentrations of the acid. Hydrolysis determines the final chemical composition of 
the model surface. 
 
(iv) The chemical structure of the cellulose films is determined with X-ray Photoelectron 
Spectroscopy (XPS) and Attenuated Total Reflectance Infrared Spectroscopy (ATR-IR), 
whereas the morphology is determined by Atomic Force Microscopy (AFM). 
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5.2 Experimental 
   Materials: Microgranular cellulose was purchased from Sigma. Dimethylacetamide 
(DMAc), lithium chloride (LiCl), hexamethyldisilazane (HMDS), methanol, and 
tetrahydrofuran (THF) were all analytical (p.a.) grade from Aldrich. Distilled water and 
nitrogen of purity grade 5 were used. 
   Preparation of trimethylsilyl cellulose (TMSC) (Scheme 1a). 2 g of microgranular 
cellulose was dissolved to lithium chloride (9 % w/v) in 200 ml dimethylacetamide 
(DMAc/LiCl) as described elsewhere.[29] After the cellulose had completely dissolved, the 
solution was heated to 80OC in water bath and 20 ml of HMDS was added in a steady flow 
within an hour in a nitrogen atmosphere. The mixture was cooled down and some methanol 
was added to enhance the precipitation of TMSC which was left to proceed overnight. The 
precipitated TMSC was filtered and dissolved into 80 ml THF and re-crystallized in 1000 ml 
of methanol. After filtration, the re-crystallized TMSC was washed several times with 
methanol and dried in a vacuum desiccator. Besides the characteristic cellulose spectrum, the 
final product yielded distinct infrared peaks at 1251 (δ Si-C) and 842 (υ Si-C) cm-1 which 
were in correlation with literature references.[30] Extensive characterization of the TMSC will 
follow in the results section.  
   Spin coating. The TMSC was dissolved into toluene or chloroform, solution concentrations 
being 10 g/l or 20 g/l. The solutions were spin coated with a spinning speed of 1000 to 6000 
revolutions per minute (rpm). The substrates used were untreated silicon wafers (Topsil), cut 
to ca. 3×3 cm squares, and gold which was deposited on a 1.5×1.5 cm glass plate by 
evaporation with 5 nm of chromium in between. The thickness of the gold layer was ca. 200 
nm.  
   Previously published methods involve a step to make the substrate more adhesive to the 
coated compound either by polymers[26-28] or surfactants (LB films).[16] However, we found 
that the high solution concentrations were enough to adhere the TMSC to the substrate, both 
on silicon and gold. The use of an anchoring polymer to make the substrate more 
hydrophobic would undoubtedly enhance the adhesion between silica or gold and TMSC, 
resulting probably in a thicker film. The aim of our method was to simplify and speed up the 
model surface preparation, so the use of anchoring polymer was rejected as unnecessary. This 
was further encouraged when our method was found fully reproducible. Furthermore, the 
ATR-IR analysis would be very difficult with another polymer interfering the spectrum. 
   The regeneration of the spin coated TMSC was performed by a simple acid hydrolysis. A 
small amount of 0.5 M or 2.0 M hydrochloric acid was placed on the bottom of a specifically 
designed glass container with a holder for the spin coated wafers. The vapour pressure was 
allowed to stabilize for an hour, after which the wafer was placed in the container and the 
vapour phase acid hydrolysis was commenced. 
  X-ray Photoelectron Spectroscopy (XPS). XPS was performed using VG Escalab 200 
system with an aluminium anode (Al Kα = 1486.3 eV) operating at 510 W with a background 
pressure of 2×10-9 mbar. The spectra were recorded with 20 eV pass energy, 0.1 eV step, and 
0.1 s dwell time. The angle between the X-ray beam and the surface normal was kept at 0O 
unless otherwise mentioned. Using synthetic Gaussian-Lorentzian peaks the carbon 1s 
spectra were resolved into different contributions of bonded carbon that are known to exist in 
the cellulose and TMSC molecules, namely C-O, O-C-O, C-Si, and C-HX (impurity). The 
chemical shifts were obtained from literature.[31,32] The spectra were charge corrected by 
setting the saturated C-HX (hydrocarbon) contribution in C 1s emission to 285.0 eV. 
  Attenuated Total Reflectance Infrared Spectroscopy (ATR-IR). A Nicolet Protege 460 
Fourier-Transform infrared spectrometer with Nicolet Smart Golden Gate Mk II total 
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reflectance device was used to scan the 4000-650 cm-1 region, 32 scans, 2 cm-1 resolution. 
Plain gold substrate was used as a background signal. 
  Atomic Force Microscopy (AFM). AFM was performed with Solver P47 base with a 
SMENA head. The cantilever of choice was non-contact gold-coated NSG11 (long end), 
manufactured by Micromasch. A typical force contact of the tip was 5.5 N/m and a typical 
resonance frequency 130 kHz. All measurements were performed in non-contact mode in 
laboratory air and temperature. 
  Thickness profiling. A Tencor P-10 step profiler was applied to determine the thickness of 
the samples. The tip diameter was 12.5 µm, scanning speed 0.02 mm/s, sampling rate  100 
Hz, and stylus force 8 mg. The TMSC surfaces were scratched before the hydrolysis since the 
soft TMSC was easier to scratch than the cohesive cellulose layer. The thickness was 
determined as the height difference from the lowest point in the scratch to a smooth point in 
the surface. Three measurements were performed with each sample, each on a different 
scratch, all under laboratory air and room temperature. 
  Ellipsometry. With the gold substrates, the scratching method to determine the thickness 
was not applicable because scratching the cellulose layer would also penetrate the soft gold 
layer, thus giving inaccurate results. A Sentech SE-400 Ellipsometer equipped with a He-Ne 
laser (λ = 632.8 nm) with an angle of incidence fixed at 70° was used to determine the optical 
properties of the cellulose layer on a gold substrate. The index of refraction used for gold was 
nAu = 0.16.[33] The measurements were performed at three different spots of the sample at 
ambient temperature. 
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Figure 1. XPS wide scans from trimethylsilyl cellulose (TMSC) and cellulose films 
hydrolyzed from TMSC with 2 M HCl for 1 min. TMSC was spin coated on a silicon wafer 
with 4000 revolutions per minute spinning speed from 10 g/l toluene solution. 
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5.3 Results and discussion 
 
   5.3.1 Films on silicon substrate 
   X-ray Photoelectron Spectroscopy (XPS) was performed to determine how close the 
chemical composition of the model surfaces are to pure cellulose. Figure 1 shows a widescan 
spectrum of XPS from a coated TMSC and cellulose after a subsequent hydrolysis. The lack 
of other elements than carbon and oxygen in the cellulose spectrum is evident (XPS is 
insensitive to hydrogen). The TMSC is coated on a silicon wafer, but during the hydrolysis to 
cellulose the silicon peaks disappear, proving the silicon contribution to originate solely from 
the TMSC. In addition, the lack of silicon in cellulose is a proof for the relative uniformity of 
the film; XPS would reveal the holes in the coating as silicon contributions from the silicon 
wafer in the wide scan. 
   When subjected to de-convolution, the carbon emission of the XPS spectrum shows the 
contributions of the differently bonded carbons in the sample. Table 1 shows the measured 
values for the model surfaces. The C-Si contribution of the TMSC corresponds to a degree of 
substitution of 2.3, maximum being 3 with all three hydroxyl groups substituted. In the 
subsequently hydrolysed cellulose, the ratio of carbons with two bonds to oxygen to the 
carbons with one bond to oxygen (O-C-O/C-O) is very close to the theoretical value of 0.2. 
The unsaturated carbon contribution (C-HX) is caused by the ubiquitous hydrocarbon 
impurities and its appearance is somewhat arbitrary, depending on the conditions in the 
laboratory during the sample preparation as well as the conditions in the spectrometer itself. 
By varying the angle between the analyser and the surface normal of the sample, it is possible 
to make the XPS more surface sensitive: the steeper the angle, the more surface sensitive the 
measurement.[34] At normal emission (0O), the sampling depth is approximately 10 nm in 
cellulose, although ca. 2/3 of the information originates from the first 3 nm on the surface.[35] 
At 60O off the angle the sampling depth is reduced by a factor of two. The measurements 
(Table 1) revealed the C-HX contribution to be only on the extreme outer  
 

Table 1. XPS results from a resolved carbon peak of TMSC films and cellulose films from 
hydrolysis of TMSC with indicated conditions. 

 
Sample C-HX 

[%] 
C-O 
[%] 

O-C-O 
[%] 

C-Si 
[%] 

O-C-O/ 
C-O 

TMSC - 38.3 8.6 53.1 0.22 
Cellulose from hydrolysis: 
2 M HCl 1 min 9.8 74.6 15.6 - 0.21 
0.5 M HCl 2 min - 51.7 12.4 35.8 0.24 
0.5 M HCl 5 min 7.4 75.1 17.5 - 0.23 
Angle dependency for cellulose from hydrolysis with 2M HCl for 1 min: 
90O 5.7 75.6 18.7 - 0.25 
60O 8.7 73.6 17.7 - 0.24 
30O 16.7 67.4 15.9 - 0.24 

 
layers of surface; hence we dismissed it as merely a surface impurity, not an integral part of 
the cellulose network. The 16.7 % contribution in case of 60O may seem rather high for a 
casual observer, but from the sampling depth of 5 nm – of which 2/3 of the data is from the 
first 1 nm - it occupies only a few ångströms. This corresponds to a monolayer or presumably 
even less than a monolayer of hydrocarbon impurities, which is an expected feature: the 
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surface of the cellulose film has a relatively high surface energy and it is prone to adsorb the 
airborne hydrocarbons in the laboratory atmosphere.  
 
   Probing on whether the hydrolysis can be stopped at an intermediate point was also 
performed. The 0.5 M concentration of hydrochloric acid proved to be suitable for partial 
hydrolysis (Table 1). The results are shown also graphically in the form of de-convoluted 
XPS carbon contributions in Figure 2. If the reaction is stopped after 2 minutes a considerable 
share of trimethylsilyl groups are still to be removed. After five minutes, the end situation of 
pure cellulose is reached and the XPS spectrum is identical to that of the cellulose which has 
been created from the 1 minute hydrolysis with 2 M HCl.  
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Figure 2. Hydrolysis of trimethylsilyl cellulose (TMSC) films with 0.5 M hydrochloric acid 
followed with XPS. The carbon emission is resolved to contributions illustrating the decline 
of silicon bonded carbon from TMSC, as the hydrolysis proceeds. TMSC is spin coated on 
silicon from 10 g/l toluene solution at 4000 rpm speed. 
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   As for the morphology of the cellulose model surfaces, spin coating of the TMSC remains 
the pivotal step in our process, determining the roughness and the thickness of the films. 
Viscosity, density, and vapour pressure of the spin coating solution, as well as the spinning 
speed, are known to affect the eventual layer thickness and the uniformity of the film.[36,37] In 
other words, one can influence the end result with the choice of solvent, concentration of the 
solution, and spinning speed. 
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Figure 3. AFM images and variations in height profiles on the line-indicated scan of 
cellulose surfaces, hydrolyzed from trimethylsilyl cellulose (TMSC) films with 2 M HCl for 1 
minute; original TMSC spin coated on silicon from 10 g/l toluene solution with a spinning 
speed of 2000 (a), 4000 (b), and 5000 (c) revolutions per minute. 
 
   The effect of diverse spinning speeds on the morphology and roughness of the sample are 
summarised in the Atomic Force Microscope (AFM) images of the cellulose surfaces in 
Figure 3. All the films were cast from 10 g/l toluene solution on a silicon substrate and only 
the spinning speed was varied. The results show that with 4000 revolutions per minute one 
can achieve the smoothest layer (Figure 3a). An interesting feature with high spinning speeds 
such as 5000 revolutions per minute is the 'valley' formation in the coating. The roughness 
image clearly shows a number of depletions on the surface (Figure 3c) which - although a 
nuisance concerning smoothness - can be interesting when examining further e.g. the 
surfaces' behaviour with water. Figure 4 illustrates the thickness dependence of both the 
TMSC and the corresponding hydrolysed cellulose films on the spinning speed from 1000 to 
6000 revolutions per minute. With the exception of the low speed of 1000 rpm, the changes 
in film thickness are relatively small as a function of spinning speed, settling inside the 15-25 
nm range. The compact nature of cellulose - as compared to that of TMSC - becomes also 
apparent from Figure 4. This is expected as TMSC belongs to a group of so-called hairy-rod 
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polymers with its rigid backbone of glucopyranose units and bulky trimethylsilyl side chains. 
Cellulose has a very orderly structure with its hydroxyl groups contributing to inter- and 
intramolecular hydrogen bonding. Moreover, the cellulose film is far more uniform in 
thickness than the TMSC film: the difference between separate measurement points is very 
pronounced while observing thickness of the TMSC films but it is nearly undetectable with 
the corresponding cellulose films (Figure 4). 
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Figure 4. Layer thickness in trimethylsilyl cellulose (TMSC) and the corresponding cellulose 
films as a function of spinning speed. TMSC was spin coated on silicon from 10 g/l toluene 
solution and hydrolysed to cellulose with 2 M HCl for 1 minute. 
 
   Figure 5 shows the effect of different solvent and concentration on the morphology and 
roughness of the films. Figure 5a is an AFM image of cellulose hydrolysed from TMSC 
which has been spun to silicon from a chloroform solution (10 g/l). Films are thicker (35±10 
nm) and the dramatic roughening of the surface is evident, which was expected from the 
volatility of chloroform. Interestingly, distinct pattern formation in the form of 'micro spirals' 
is observed. These phenomena can be attributed to the theory of spin coating: the uniformity 
of the spin-coated films is thought to occur at a late stage of spin coating, when the yet non-
uniform film is thinning towards its final thickness and the average shear rate decreases, 
eventually becoming low enough everywhere for the coating solution to behave as a 
Newtonian fluid.[38] When a spin coating solution has the characteristics of a Newtonian fluid 
the uniformity of the film is evident.[39] Chloroform is simply too volatile and evaporates 
completely from the thinner regions of the film while it is still in the non-uniform state, 
leaving the surface rough. 
   The influence of the concentration of the spin coating solution was explored and, as Figure 
5b reveals, the difference in morphology is obvious when concentration is doubled to 20 g/l. 
The thickness of the cellulose film in Figure 5b was determined 50 nm and the roughness 
extends up to 20 %, which means that both thickness and roughness increase with a factor of 
three when the concentration is doubled. 
 
 
 
 
 
 

 84



Cellulose Model Surfaces – Simplified Preparation and Extensive Characterization  

 

0 200 400 600 800 1000
0

5

10

15

20

 

 

0 200 400 600 800 1000
0

5

10

15

20

 

 

200 nm 200 nm

(a) 10 g/l, chloroform (b) 20 g/l, toluene

nm

nm

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. AFM images and height profiles on the line-indicated scan of cellulose surfaces, 
hydrolyzed from trimethylsilyl cellulose (TMSC) films with 2 M HCl for 1 minute. TMSC 
originally spin coated with 3000 rpm spinning speed from 10 g/l chloroform solution (a), or 
with 4000 rpm spinning speed from 20 g/l toluene solution (b). 
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   5.3.2 Films on gold substrate 
   In need of a complementary chemical analysis to the XPS, the possibility of Attenuated 
Total Reflectance Infrared Spectroscopy (ATR-IR) seemed particularly appealing. The 
minimal measurement time of ATR-IR enables in situ analysis and the samples can also be 
examined with their water contents, contrary to the ultra high vacuum conditions of the XPS. 
As silicon absorbs infrared radiation, the silicon wafers were unsuitable substrates for the 
equipment. The choice for a new substrate to suit the ATR-IR analysis was gold, which was 
deposited by evaporation on a glass plate as 200 nm layer. The AFM images of the gold 
substrate and cellulose surface on gold, hydrolysed from TMSC, which has been coated with 
4000 rpm from 10 g/l toluene solution, are shown in Figure 6.  The original roughness of the 
substrate makes the film rougher than the ones coated on silicon wafer. The thickness of the 
cellulose layers on gold was determined 19.5 nm by ellipsometry. 
 

0 200 400 600 800 1000
0

5

10

15

20

 

0 200 400 600 800 1000
0

5

10

15

20

 

200 nm 200 nm

(a) gold (b) cellulose on gold

nm

nm

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. AFM images and variations in height profiles on the line-indicated scans of  gold 
substrate (200 nm gold on glass with 5 nm chromium in between) (a), and cellulose on the 
gold substrate (b), hydrolyzed from trimethylsilyl cellulose (TMSC) film with 2 M HCl for 1 
minute; TMSC originally spin coated from 10 g/l toluene solution with 4000 rpm spinning 
speed. 
 
   The hydrolysis of the TMSC films to cellulose was chosen as an example to follow the 
chemical changes. This would also confirm that the hydrolysis is complete throughout the 
whole film since XPS gives information only from the first 10 nm of the surface. Figure 7 
illustrates the transformation of the TMSC to cellulose and it shows that hydrolysis with mild 
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HCl (0.5 M) seems to go slower when observed with the ATR-IR, than it does when observed 
with the XPS (Figure 3, Table 1). Since the films on gold and the films on silicon are of 
similar thickness, this does, indeed, evince that if one wants to verify the extent of hydrolysis 
within the whole film, XPS is a deficient technique because of its surface sensitivity (up to 10 
nm). ATR-IR is the appropriate way to examine the whole film. ATR-IR is also a very fast 
method with each measurements occupying merely 30 seconds and, importantly, the 
measurements are carried out in normal atmosphere. These qualities make ATR-IR a superior 
tool for in situ analysis when compared with the ultra-high vacuum required by the XPS. 
However, for tracking down surface impurities the XPS has a considerable advantage of 
being very surface sensitive, and resolving the carbon XPS spectra provided more 
quantitative data about the structure of our material than the ATR-IR. Nevertheless, for a 
quick characterization of functional groups, ATR-IR is an apt choice. 
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Figure 7. Hydrolysis of trimethylsilyl cellulose (TMSC) films to cellulose on a gold substrate, 
spin coated with 4000 rpm speed from 10 g/l toluene solution. Times indicate hydrolysis 
times with the concentration of hydrochloric acid indicated. 
 
   For the latter purpose, the elegance of the ATR-IR becomes increasingly apparent from 
Figure 7: the chemical changes can be followed as the OH-stretch of cellulose grows on the 
3600-3000 cm-1 region, the asymmetric (2960 cm-1) and symmetric (2872 cm-1) stretches of 
the TMSC methyl groups disappear, and the Si-C-contributions diminish at 1251 cm-1 and 
842 cm-1. The small OH-contribution of the initial TMSC spectrum (ca. 3300 cm-1) stems 
from the incomplete substitution of all the hydroxyl groups in the synthesis of TMSC from 
cellulose, the degree of substitution being 2.3 out of the possible 3 (see Table 1). Also the 
contributions of the glucopyranose ring on the 1200-850 cm-1 area are significantly different 
in the TMSC than in the subsequent cellulose, obviously due to the bulkiness of the TMS 
group that changes the ring conformation. Under close scrutiny, typical features of the 
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glucopyranose ring are found in the hydrolysed samples of Figure 7:  C-O stretching at 
around 1070 cm-1 and 1040 cm-1 and out-of-phase ring stretching at 899 cm-1.[30,40,41] 
 
   In Chapter 3 the ability of ATR-IR to analyse the water content of polymers and the 
different states of water in polymers was already discussed (section 3.3.2). Unfortunately, the 
samples from natural fibre did not show promising results when investigated with ATR-IR in 
the humidity chamber, a device designed particularly for the ATR-IR to wet and dry samples 
for in situ analysis of water, wetting being done with vapour and drying with dry nitrogen 
stream. Therefore, we scrutinised the model surfaces of cellulose on gold substrate in the 
humidity chamber, hoping to gain results similar to those by Sammon et al. who examined 
polymer/water interactions by resolving the OH-stretch of the region 3600-3000 cm-1 into 
different contributions which depended on the interactions of water with the polymer.[42] 
   The resulting spectra in the region of 4000 to 2700 cm-1 from the experiments in humidity 
chamber are gathered in Figure 8. The increment and decrement of the OH-stretch at 3600-
3000 cm-1 due to the wetting and drying, respectively, is an expected phenomenon. As the 
surfaces are prone to swell by water treatment, the consistency of the films is likely to be 
largely amorphous since crystalline cellulose is largely impenetrable by water.[1] An 
interesting feature here is the difference of the OH-band in comparison with microcrystalline  
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Figure 8. Wetting (a) and drying (b) of cellulose on gold substrate followed by ATR-IR. The 
'dry' sample in (a) has been dried in the chamber for 3 hours before the wetting was 
commenced. Cellulose was hydrolyzed from trimethylsilyl cellulose (TMSC), originally spin 
coated from 10 g/l toluene solution at 4000 rpm spinning speed. Microgranular cellulose is 
added as a reference. 
 
cellulose (Figure 8b), the original material, from which TMSC was synthesized and 
eventually hydrolysed back to cellulose after spin coating. Even without a de-convolution, it 
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is clear that the OH-band of the microcrystalline cellulose consists of several contributions. 
Most of these contributions can be traced back to the crystalline structure of microcrystalline 
cellulose. Moreover, it is clear that the model surfaces do not have similar contributions in 
the OH-bands, nor does it have the same features that the cellulose II structure - a form of 
crystallinity in regenerated cellulose – would incline.[43] These observations suggest that these 
cellulose model surfaces are largely in an amorphous state. Similar conclusions have been 
drawn from observations with the Langmuir-Blodgett films of cellulose.[16] 
 
  We have conducted experiments where the cellulose films – both on silicon and gold – have 
been immersed in water and clarified that this does not detach the films from substrate at least 
within relatively short intervals (30 min) in room temperature. The XPS and ATR-IR 
analyses have shown that the molecular structure of cellulose remains the same after the 
submersion, but the AFM measurements suggest changes in morphology, thus 
supramolecular rearrangement. This rearrangement seems to be a more complex phenomenon 
than the mere swelling of amorphous cellulose network.  
 
5.4 Conclusions 
   1. With chemical modification of cellulose to trimethylsilyl cellulose (TMSC), folowed by 
spin coating on a silicon or gold disk, and subsequent hydrolysis of the TMSC back to 
cellulose, we have established a new and straightforward method to prepare ultrathin 
cellulose layers that may serve as model surfaces. 
   2. The smoothest films were obtained using toluene as a solvent for TMSC, silicon wafer 
without pre-treatment as a substrate, and 4000 rpm as the spinning speed in spin coating. 
These parameters resulted in a cellulose layer of around 20 nanometers with a roughness 
profile of max. 3 nanometers. 
   3. Silicon wafers provide an apt substrate for very smooth surfaces, while gold substrate 
makes the surfaces suitable for the quick chemical characterization of ATR-IR. 
   4. Hydrolysis of TMSC to cellulose on model surfaces happens very fast (< 1 min) with 
higher concentrations (e.g. 2.0 M) but can be controlled with lower concentrations, notably 
0.5 M. 
   5. Subtle morphological changes in the cellulose films can be followed with the AFM, and 
variations in the chemistry of the films are susceptible for observations with XPS and ATR-
IR. Thus, we expect that these cellulose films will be useful in investigations such as 
photochemistry, water content, or thermal degradation of cellulose, all of which have 
significant applications in various industrial processes. 
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OPEN FILMS OF NANOSIZED CELLULOSE – AFM 
AND QUANTITATIVE INFORMATION1 

 
 
 
6.1 Introduction 
   A simplified method for preparing model surfaces of cellulose was introduced in Chapter 5 
and published in references [1,2]. The method added a strong contestant to the surprisingly 
thin literature of cellulose model surfaces.[3-10]  In the present chapter, we want to introduce a 
new kind of cellulose model surface: an open film of nanosized cellulose domains which 
offers better possibilities for morphological interpretation than the closed films, introduced in 
Chapter 5. 
   If the methodology itself on cellulose model surfaces is feeble, the applications on the 
subject have not been published with vigour, either. Adsorption behaviour of polyelectrolytes 
on cellulose is probably the most straightforward application.[5,10,11] The direct interactions of 
cellulose surfaces with each other and other polymer surfaces have also been examined with a 
surface force apparatus in various environments.[12,13] Other applications include a study on 
hydroxyl accessibility[14] and an investigation on the kinetics of wetting.[15] 
  The novelty of cellulose model surfaces is not the sole reason for their subdued appearances 
in literature. Despite the abundance of hydroxyl groups (3 per monomer), cellulose is a 
substance of a relatively inert nature. This is intuitively self-evident since the omnipresence 
of cellulose in nature would not be possible were it a highly reactive species. For example, 
synthesizing cellulose derivatives requires often the harshest of conditions.[16] In other words, 
the reactivity of cellulose on smooth, well-defined surfaces has not been studied simply 
because of the unreactivity of cellulose. Therefore, it seems only natural that the past research 
with cellulose model surfaces has resorted to adsorption and force experiments and not 
modifications.[5,10-13] 
   However, even with the powerful scanning probe techniques like AFM, the morphology of 
cellulose model surfaces in various conditions have been scrutinised to an even lesser extent 

                                                 
1 The contents of this chapter are subject to a publication by Kontturi, E.; Thüne, P.C.; Alexeev, A.; 
Niemantsverdriet, J.W. submitted for publication to Polymer. 
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than the chemistry. Adsorption studies, for one, have relied only on the analysis on the 
amount of adsorbate on the surface, neglecting the morphological survey.[5,10,11] AFM has 
admittedly been utilized to image cellulose model surfaces[13] and we used it extensively to 
characterize the effect of spin coating parameters, as described in Chapter 5. Nevertheless, 
morphological changes after particular treatments have not been subject to investigations 
with cellulose model surfaces. AFM has been, after all, comprehensively exploited in this 
respect with polymer films during the past decade.[17-28] 
   The difficulty in making morphological interpretations of cellulose model surfaces 
introduced in Chapter 5 arises from their characteristic smoothness. Even when the surfaces 
are rougher – as is the case with thicker films – the morphology is rather bulky, showing a 
lack of peculiarity which would allow a grip on explaining the morphology changes. Pilot 
experiments were made to wet the 20 nm cellulose films with water and various other 
solvents and the results were discouraging. A decision was made to alter the preparation 
parameters in such fashion that the surfaces would show more conspicuous features in the 
AFM analysis. As the morphology is largely dependent on the spin coating, the concentration 
of the spin coating solution was chosen as the most influential parameter.  
   It is already known that inorganic, small molecular weight compounds arrange in so-called 
open films when the concentration of the spin coating solution is made so low that a coverage 
smaller than monolayer is produced. These structures can arrange into aggregates which 
resemble islands of the coated material on a flat substrate,[29] or, as is often the case in 
polymer chemistry, open films are used to study evenly spread single molecules with 
AFM.[30,31] Applications of the films from single polymer molecules and AFM include 
determining the molecular weight distribution,[32] adsorption on the substrate,[33-36] 
visualizing conformation and structural diversity,[37-40] measuring elasticity,[41-43] and 
visualizing conformational transitions.[44,45] We set out to investigate whether the preparation 
of any kind of open films is feasible with cellulose using the previously published method. 
   With a significant reduction of the TMSC concentration in spin coating, we achieved open 
films of cellulose which are somewhat reminiscent of fibres on a miniature scale. These 
patches of cellulose are implanted on a silicon wafer. To our knowledge, the nearest account 
to open films of cellulose in the literature appeared when Kasai et al. managed to successfully 
prepare honeycomb-patterned cellulose films, regenerating the cellulose from a cellulose 
acetate film.[9] Strictly speaking, these films were not open films because they possessed a 
closed cellulose layer between the conspicuous honeycomb structures. The open films 
introduced here are, in any case, very different. The honeycomb-patterned films are a 
continuous network of cellulose with pore-sizes running up to several tens of micrometers, 
whereas our TMSC based open films consist of nanosized patches of cellulose with at most a 
few tens of nanometres  between them. These novel open films offer possibilities for nano-
scale interpretation of the behaviour of cellulose. 
   Because of the “open” nature of the films, the cellulose patches are conspicuous on the 
smooth silicon substrate in AFM analysis, even when regarding the small size of the patches. 
On the other hand, their small size enables interpretation on the supramolecular chemistry of 
cellulose, which is different from the morphological interpretation of the closed films. We 
also want to point out that AFM is not merely an imaging technique; three dimensional data 
provides a lot of quantitative information. By exploiting the data from the AFM scans we can 
make the pivotal leap from qualitative to quantitative analysis. AFM is one of the most 
prominent techniques nowadays but it is regrettably often used only for qualitative images, 
resulting in vague interpretation. As an example of quantification, we evaluate the volume of 
the cellulose patches on silicon. 
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   As a pilot experiment for applications, we have used the open films to examine 
rearrangements in cellulose during wetting and drying. Such rearrangements may also occur 
in natural fibres during paper recycling: wetting and subsequent drying decreases the strength 
properties of fibres and this quality decrease is still not understood fundamentally (see 
Chapter 4.1). We have to emphasize, however, that the native cellulose matrix differs a great 
deal from the model surfaces of pure cellulose on a silicon substrate. 
   Research on cellulose model surfaces with wetting/drying is not unique. Fält et al. have 
already investigated the swelling behaviour of closed cellulose films of various charge 
densities with a quartz crystal microbalance.[7] Our approach, however, is different. We 
examine the swelling and shrinking of small scale cellulose features with AFM, i.e. visualize 
the morphology during the rearrangements.  
 
6.2 Experimental 
   Materials: Microgranular cellulose was purchased from Sigma. Dimethylacetamide 
(DMAc), lithium chloride (LiCl), hexamethyldisilazane (HMDS), methanol, and 
tetrahydrofuran (THF) were all analytical (p.a.) grade from Aldrich. Distilled water and 
nitrogen of purity grade 5 were used. 
   Preparation of trimethylsilyl cellulose (TMSC). 2 g of microgranular cellulose was 
dissolved to lithium chloride (9 % w/v) in 200 ml dimethylacetamide (DMAc/LiCl) as 
described elsewhere.[46] After the cellulose had completely dissolved, the solution was heated 
to 80OC in water bath and 20 ml of HMDS was added in a steady flow within an hour in a 
nitrogen atmosphere. The mixture was cooled down and some methanol was added to 
enhance the precipitation of TMSC which was left to proceed overnight. The precipitated 
TMSC was filtered and dissolved into 80 ml THF and re-crystallized in 1000 ml of methanol. 
After filtration, the re-crystallized TMSC was washed several times with methanol and dried 
in a vacuum desiccator. Besides the characteristic cellulose spectrum, the final product 
yielded distinct infrared peaks at 1251 (δ Si-C) and 842 (υ Si-C) cm-1 which were in 
correlation with literature references.[47] Extensive characterization of the TMSC prepared in 
our laboratory has been published earlier in ref. [2] (Chapter 5). 
   Preparation of Model Surfaces. The TMSC was dissolved in toluene up to solution 
concentrations of 10, 20 or 50 mg/l and 10 g/l. The solutions were spin coated with a 
spinning speed of 4000 revolutions per minute (rpm). The substrates used were untreated 
silicon wafers (Topsil) with (100) surface orientation, cut to ca. 2×2 cm2 squares.  
   The regeneration of the spin coated TMSC was performed by acid hydrolysis. A small 
amount of 2 M hydrochloric acid was placed on the bottom of a glass container with a holder 
for the spin coated wafers. The vapour pressure was allowed to stabilize for an hour, after 
which the wafer was placed in the container and the vapour phase acid hydrolysis was carried 
out for 2 minutes. 
   Atomic Force Microscopy (AFM) was performed with Solver P47H base with a SMENA 
head, manufactured by NT-MDT. The cantilever of choice was contact silicon CSC12 
manufactured by Micromasch, used in tapping mode. The typical force constant of the 
cantilever was in the region of 2.0 N/m and the typical resonance frequency around 150 kHz. 
The radius of curvature for the tip was always less than 10 nm. Free oscillating amplitude of 
the cantilever was approximately 10 nm, and the set point amplitude was set close (~70%) to 
the free-oscillating amplitude in order to work in the regime where long range attractive 
forces dominate the amplitude reduction. This gave the best topographic information and 
minimized the sample indentation.[48,49] All images presented are amplitude images, unless 
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otherwise mentioned. All presented quantitative data is extracted from height images. All 
measurements were performed at room temperature. 
   Chemical analysis of the open film was omitted. The closed films prepared in our 
laboratory were already extensively analysed in ref. [2] (Chapter 5), and  there is no reason to 
believe that the open surfaces, which were prepared by the same person in exactly the same 
way except for the smaller amount of TMSC, should differ in chemical composition, i.e. there 
is no reason to expect that the hydrolysis of TMSC to cellulose is not complete. In order to be 
sure of the extent of hydrolysis, the hydrolysis time was doubled to 2 minutes. Thicker films 
were characterized with X-ray photoelectron spectroscopy (XPS) and attenuated total 
reflectance infrared spectroscopy (ATR-IR).[2] The open surfaces caused a problem in the 
XPS, since the pivotal carbon peak was blurred by omnipresent hydrocarbon impurities, 
usually originating from the XPS equipment itself. In addition, the detection limit of the 
ATR-IR was not enough for the open surfaces. In other words, the amounts of cellulose in the 
sub-monolayer open films were too small to be analysed properly with these techniques. 
Work is currently under progress to find a technique applicable to reveal the chemical nature 
of our surfaces but it is beyond the scope of this introduction. 
 
6.3 Results and discussion 
 
   6.3.1 Introducing the cellulose patches 
   Generally speaking, if the concentration of the spin coating solution is so low that there is 
not enough coating substance to form a closed film, an evenly distributed sub-monolayer 
coverage is formed, or the substance arranges itself into isolated structures, islands, on the 
flat substrate. The idea of our study was to examine if a drastic decrease of TMSC 
concentration in spin coating had a similar effect on our cellulose films, i.e. whether the 
cellulose, hydrolysed from TMSC, formed islands on the silicon substrate. Figure 1a shows 
an AFM image of a closed cellulose film with thickness of 18 nm (similar to Figure 3b in 
Chapter 5). Empirically, 50 mg/l - 1/200 of concentration needed to prepare the 18 nm films – 
was determined as the point, in which phase separation of silicon and cellulose was starting to 
show (Figure 1b). Ideal structures were found at 20 mg/l concentration: Figure 1c shows 
distinct patches of cellulose and flat silicon between the cellulose. The remarkable feature 
with the cellulose islands in Figure 1c is that, in lateral dimensions, they bear a resemblance 
to natural fibres with their longitudinal shape (ca. 20×(50-100) nm). The height of the 
cellulose patches is very small, manual analysis of 10 height scans (ca. 80 patches) gave an 
average height of 0.9 nm after subtraction of the silicon background. Figure 1d demonstrates 
that 10 mg/l TMSC coating concentration is not enough to form distinct cellulose patches for 
the AFM. The cellulose patches in this case are clearly too small to stand out properly from 
the roughness of the silicon substrate. Roughness is the reason why films from single 
polymer molecules cannot usually be distinguished on a silicon substrate and the smoother 
mica must be applied.[31] This observation encourages the assumption that the patches in 
Figures 1b and 1c are really agglomerates of several cellulose chains arranged longitudinally 
and not, for instance, single cellulose molecules whose lateral dimensions have been greatly 
exaggerated by the AFM tip. Further proof is presented in section 6.3.3. 
   Figure 2 shows the extraordinary morphological difference between low loading TMSC 
film and the subsequently hydrolysed cellulose film. Unfortunately the softness of TMSC 
does not allow high quality AFM imaging, but one can recognize that the TMSC film (Fig. 
2b) is still a closed film and its roughness follows closely the roughness of the underlying 
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Figure 1. AFM images of cellulose films, 1×1 µm2 scans: (a) closed film with thickness of 18 
nm spin coated from 10g/l TMSC solution, (b) open film spin coated from 50 mg/l TMSC 
solution, (c) open film spin coated from 20mg/l TMSC solution, (d) open film spin coated 
from 10 mg/l TMSC solution. Hydrolysed to cellulose with 2 M HCl vapour for 2 minutes. A 
representative height scan marked in the image is presented under each image. 
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Figure 2. 1×1µm2 AFM images of (a) untreated silicon wafer, (b) TMSC film spin coated 
from 20 mg/l solution, (c) cellulose film hydrolysed from the TMSC film in (b). 
 
silicon wafer (Fig. 2a). The hydrolysis transforms the film completely as the absence of the 
bulky trimethylsilyl groups and the intermolecular hydrogen bonding of the introduced 
hydroxyl groups makes the structure more compact. Scratching of the TMSC layer revealed 
its thickness of 2 nm. The change from a closed 2 nm TMSC film to 0.9 nm cellulose patches  
with ca. 40 % coverage (see section 3.2) accounts for ca. 80 % contraction. Similar 
phenomenon is observed with closed cellulose films: in the case of 10 g/l TMSC coating, the 
thickness of the hydrolysed cellulose film is 18 nm as opposed to 45 nm for the 
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corresponding TMSC layer, a 60 % decrease in volume (Chapter 5, Figure 4).[2] The contrast 
between the low loading TMSC and open cellulose films is even more drastic, which 
suggests that the cellulose in the open films has a higher degree of order than in the closed 
films. When the cellulose is formed from TMSC, it can be voluminous enough to cover the 
whole surface, but individual cellulose chains prefer not to arrange parallel to each other as a 
monolayer or a bilayer. Instead,  small aggregates of several chains are formed because 
cellulose chains have more affinity towards each other than towards the silicon substrate. The 
arrangement of cellulose chains into the worm-like structures during hydrolysis depends on 
the original morphology of the TMSC layer, the cellulose-silicon interaction and the 
cellulose-cellulose interaction. Therefore, the structure of the cellulose domains is likely to be 
rather different from the structure of cellulose in the cell wall matrix. 
 
   Figure 3 illustrates a smaller AFM scan (higher magnification) from the sample of Figure 
2c (180×180 nm2). Under scrutiny, the longitudinal cellulose patches appear to be constructed 
from small grain-like structures, sometimes no more than 10 nm long. The nature of these 
grains is, in many ways, ambiguous. The closed cellulose films are largely amorphous, based 
on the evidence of their IR-data during swelling (Chapter 5.3.2).[2] We suspect also the open 
films be mainly amorphous because they swell considerably in water (see section 3.4). 
Amorphous cellulose has always been ignored in literature at the expense of crystalline 
cellulose and accounts of its arrangement are based on speculation rather than on hard 
evidence. In fact, “amorphous” is not an explicit term since amorphous cellulose probably 
possesses order to some extent.[50,51] The grains could emerge from bent or twisted chains but 
the verification of this would need extensive exploitation of analytical techniques.  
 (a) phase (b) height

(c) height 3D

40 nm 40 nm

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. AFM images of an open cellulose film on silicon, spin coated from 20 mg/l TMSC 
solution, hydrolysed to cellulose with 2 M HCl vapour for 2 minutes; 180×180 nm2 scans: (a) 
phase image, (b) height image, (c) three-dimensional height image. 
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Moreover, we could speculate that the cellulose patches have a degree of crystallinity - or that 
they are at least locally ordered - and the grain-like structure is a product of amorphous 
regions in between the crystalline ones. This kind of supramolecular structure is prevalent in, 
for instance, wood microfibrils which pass through crystalline regions of ca. 60 nm in length 
with less ordered amorphous regions between them.[52]  
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   6.3.2 Volume quantification of cellulose patches 
   In an AFM image, each pixel has a height which contributes as one height count to the 
height distribution. Overall, a 512×512 pixel image has 262144 height counts. Figure 4a 
shows the histogram of the distribution of height counts from the height image of Figure 2c. 
The histogram can be resolved into two peaks by a Gaussian fit reasonably well (R2=0.9985).  
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Figure 4. Distributions of height counts of 1×1µm2 AFM scans: (a) height distribution of an 
open cellulose film spin coated from 20mg/l TMSC solution (from figure 2c), resolved into A1, 
the height counts of the silicon between the cellulose patches, and A2, the height counts from 
the cellulose patches; (b) volumetric height distribution, acquired by multiplying height 
counts of (a) by their height, Av1 is the artificial volume of silicon between the cellulose and 
AV2 is the volume of the cellulose patches, including the volume of silicon under them; (c) 
height distribution of a plain silicon wafer (to be compared with A1). θSi and θcell refer to the 
uncovered fraction of silicon and the coverage of cellulose in the open films, respectively. 
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   The two Gaussian peaks in Figure 4a represent the silicon substrate and the cellulose 
nanopatches. We can already extract several numbers from the peak-fit. Areas of the silicon 
peak and the cellulose peak divided by the total area give the uncovered fraction of silicon 
(θSi) and the coverage of cellulose (θcell), respectively. Full width at half height of the silicon 
peak corresponds to the roughness of the silicon substrate, 0.36 nm in Fig. 4a. This number is 
in accordance with AFM measurements which we performed with uncoated, untreated silicon 
wafers (Fig. 4c). Although the wafer surface is initially that of a smooth single crystal, silicon 
between the cellulose patches has an artificial volume AV1. This silicon volume arises 
because the height of the silicon surface is not zero. The lowest measured height is set at 
zero. 
   If one wants to determine the volume, it is not the height distribution graph itself but a 
graph where the height counts are multiplied by their height (Fig. 4b) that has to be 
integrated. We have named this graph the volumetric height distribution; its area (AV1+AV2) 
corresponds to the apparent volume of the whole 1×1µm2 AFM scan (unit: 
nm2×[dimensionless pixel]). Certain conditions have to be taken into account before 
evaluating the volume of cellulose from the graph of Figure 4b. Since the silicon under the 
cellulose also has an artificial volume, it prevents us from simply integrating the AV2 area and 
regarding it as the volume of the cellulose. The volume of the silicon between the cellulose 
and the silicon under the cellulose (AV1/ θSi) has to be subtracted from the total volume 
(AV1+AV2): 
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where AV2 is the volume of the cellulose with silicon under it (Fig. 4b), AV1 is the artificial 
volume of the silicon between the cellulose patches (Fig. 4b), and θSi is the coverage of 
silicon on the surface (Fig. 4a). The dimensions are corrected with Apix, the area of one pixel 
having one height count (1000×1000 nm2/(512×512)=3.8 nm2), and lh, the height step, i.e. 
resolution of the height, parameter of the AFM (0.07 nm in our case). The total artificial 
volume of the silicon (AV1/ θSi) is evaluated under the presumption that the silicon under the 
cellulose has the same height distribution as the visible silicon. 
   With this method, the cellulose patches in Figure 4 (image in Fig. 1c) have an apparent 
volume 2.8×105 nm3/µm2. Volumes from the images in Figure 1 have been collected in Table 
1. The volume of the closed surface (Fig. 1a) is calculated as a cube with height 18 nm (film 
thickness). 
 

Table 1. Coverage and volume quantification for the 1 µm2 AFM images of Figure 1. 
 

Spin coating 
concentration [mg/l] 

Corresponding 
figure 

Cellulose 
coverage [%] 

Cellulose volume 
[nm3/µm2] 

10000 2a 100 180×105 
50 2b 58 3.6×105 
20 2c 43 2.8×105 
10 2d 35 0.6×105 
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   6.3.3 Accuracy of the volume quantification 
   How reliable is the afore described method to determine the volume of the AFM scan? The 
height measured by AFM is accurate whereas the lateral dimensions are exaggerated because 
of the size of the tip.[53,54] This concept of the unreliability of the lateral dimensions has 
become so widely accepted that, nowadays, it is scarcely challenged. Sometimes the lateral 
increase is calculated by assuming the AFM tip as a sphere and the sample as a lying cylinder 
or similar object with a sharp, straight edge.[36] This is a correct approach in most cases, 
namely when the sample features are high enough in relation to the tip curvature radius. 
   In our cellulose patches, however, the height is relatively small compared with the width. In 
fact, the cross section of the cellulose patches is such that the points from the AFM scan can 
be fitted with a parabola. Figure 5a demonstrates a typical cross section of a cellulose patch 
with a parabola fit. Notice that the height dimension (ordinate) is grossly out of proportion 
due to the flatness of the patches. The parabola from Figure 5a has been transferred to Figure 
5b and juxtaposed with another parabola which is representing the AFM tip. The radius of the 
“tip parabola” is 10 nm which represents the extreme case: the radius of curvature of the tips 
used in this study is always less than 10 nm, according to the manufacturer. The vertex of the 
“tip parabola” is placed at the same point where the parabola representing the cross-section of 
the measured cellulose patch crosses the abscissa. For the sake of graphic narration in Figure 
5b, another parabola is placed inside the first one in such a manner that it just touches the “tip 
parabola”. This smaller parabola depicts the actual cross section of the cellulose patch. The 
larger parabola (the fit to the points in Fig. 5a) is the cross section measured by AFM with a 
tip of 10 nm curvature-radius. One observes from Figure 5b that the error in the radius of the 
cross section of a cellulose patch is ca. 1 nm. We must emphasize that 10 nm is the maximum 
radius of curvature, according to the provider.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. (a) Typical cross section from a cellulose patch in an open film from 20mg/l TMSC 
solution, taken from height image of Figure 3. A parabola is fitted to the points (y=(x-
11.3)2/(2×(-60.9))+1.035). (b) Visual illustration of lateral exaggeration by the tip, 
“measured cross section” is the parabola fit from (a), AFM tip is illustrated with a parabola 
of 10nm radius (y=x2/(2×10)), and “real cross section” represents the actual cross section of 
a cellulose patch, the exaggeration being the “measured cross section”. 
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  The tip error, on the other hand, is caused by the varying degrees of lateral exaggeration, i.e. 
diverse tips. Smaller tips exaggerate less than larger ones. Let us assume that 5 nm is the 
smallest radius of curvature for our tips. If the lateral exaggeration for a tip of  5 nm radius is 
evaluated to the typical cross section (as in Fig. 5b), the radius of the ‘real cross section’ is 
0.5 nm less than that of ‘measured cross section’. Integration over the cross sections yields 
the extent of exaggeration of volume quantification for both cases: 8 % for the 10 nm tip, and 
4 % for the 5 nm tip. Thus, the volume of the patches is exaggerated by an average 6 % with 
an error of ±2 %. 
   The contamination of the AFM tip during the scanning of a compliant material like 
polymers is a recognized phenomenon.[48] To prevent the broadening of the tip curvature 
radius by tip contamination, we replaced the tip each time a hint of contamination became 
apparent, such as double tip or increase in width of the more recently scanned patches. 
   The error of ca. ±0.1 nm in the vertical dimension in AFM is exacerbated during tapping 
mode imaging of compliant materials because of sample indentation.[48] For this reason, the 
contact mode tips with low force constant were used for tapping mode AFM in this study 
since they gave far better reproducibility than normal non-contact tips. Furthermore, the 
scanning was performed within the operating regime where the long-range attractive forces 
between the tip and the sample dominate the amplitude reduction. In the attractive force 
region the sample indentation is minimized compared with the region of a lower set point, 
where short-range repulsive forces are the dominant factor.[49] The set point was determined 
empirically: whenever the set point between the sample and the tip was decreased enough, 
the quality of the images suffered considerably, signifying that we were working in the 
repulsive regime or the transition regime between attractive and repulsive, i.e. too close to the 
sample. Extensive work with our surfaces gave us confidence and routine to determine this 
relatively fast. Nevertheless, the extent of sample indentation cannot be directly quantified 
with our data.  
   We further illustrate the precision of the volume quantification method with parallel 
experiments. Four surfaces were prepared with TMSC concentration of 20 mg/l, and 
subsequently hydrolysed to cellulose; thus, similar surfaces as in Figure 1c. The surfaces 
were imaged by AFM on different days with different individual tips. The results from the 
volume quantification are presented in Table 2. The figures are presented in full numbers to 
demonstrate the reproducibility. 
 

Table 2. Volume quantification from parallel experiments. Four cellulose films prepared 
from 20 mg/l TMSC solution, hydrolysed in 2 M HCl (g) for 2 minutes. 1µm2 AFM scans. 

 
Sample number 1 2 3 4 
Cellulose volume 
[nm3/µm2] 

2.806×105 2.792×105 2.807×105 2.855×105 

 
   Table 2 reveals that the reproducibility of the open cellulose films and the precision of the 
volume quantification  is remarkable. It is, indeed, well within the error of the calculated ±2 
%. The parabola shape and the dimensions recorded by AFM are close to the actual structure 
of the patches. The unknown amount of sample indentation must be minimal. 
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   6.3.4 Wetting and drying of the open cellulose films 
   When immersed in water, fibre swells because water penetrates into the amorphous areas of 
the fibre matrix. When the swollen fibre is dried, irreversible changes take place and the dried 
fibre does not swell to the same extent as it did before the drying. Some flexibility of the fibre 
is lost and the resulting fibre network after papermaking has inferior strength properties 
(elaborated in Chapter 4.1). The described phenomenon – often called “hornification” in the 
jargon of paper technology - is the main reason behind the declined strength of recycled 
paper, since recycling always involves rewetting of fibre and subsequent drying. Its 
fundamental nature is not yet understood. Keeping in mind the differences between native 
cellulose and nanosized cellulose patches on silicon, we wanted to examine, whether any 
distinct morphological changes were to be seen if the patches were swollen in water and dried 
afterwards. No direct link to hornification is attempted, but if the results proved auspicious, 
they can point us to further experiments which, together with additional analytical techniques, 
are able to yield information about the supramolecular structure and rearrangements of 
amorphous cellulose. 
   The idea in the wetting/drying experiments with open cellulose films was to immerse the 
surface totally in water, evaporate the excess (visible) water fast in 80OC, and follow the 
drying by AFM measurements after gradual heating steps in 110OC which is the standard 
temperature to dry the fibre in laboratory conditions. The immersion was performed by 
placing droplets of water on the wafer so that it was fully covered with water. In that way we 
could be sure that no cellulose was lost during the immersion, although the experiments with 
our closed films suggest that water does not detach cellulose, once deposited on the silicon 
wafer. Figure 6 shows the visual results of this procedure. Coverage and volume of the 
cellulose patches have been determined with the method described in section 3.2. Figure 6a is 
the untreated open cellulose film spin coated from 20 mg/l TMSC solution and hydrolysed  
for 2 minutes in 2 M HCl (g) (similar to Fig. 1c). The sample in Figure 6a was immersed in 
water for 15 minutes, after which the excess water (visible to naked eye) was dried in 80OC 
(ca. 3 minutes) and the sample was immediately cooled down to room temperature. The 
resulting AFM image from this sample is presented in Figure 6b. Noticeable swelling has 
taken place. Also, the cellulose coverage has decreased. After 15 minutes of drying in 110OC, 
the width of the patches decreases considerably (Fig. 6c) and after further 45 minutes in 
110OC (Fig. 6d), slight decrease in width and some heightening takes place (Fig. 6d). 
 
   A straightforward qualitative observation is the presence of inflated regions in the patches 
of the partially dried cellulose (Fig. 6c). Clearly, there are regions in the patches where water 
prefers to stay longer. These regions are likely to be the sites for inter-chain hydrogen 
bonding. This is consistent with the model proposed for amorphous cellulose: randomly 
distributed amorphous domains are partly interacted by intermolecular hydrogen bonds.[55] 
The direct visualization of this is an encouraging result. More experiments with different 
drying and wetting techniques – vapour vs. water immersion, for instance - are bound to give 
us more direct morphological evidence on the arrangement of amorphous cellulose. 
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Figure 6. 1×1µm2 AFM images of wetting/drying scheme of an open cellulose film from 20 
mg/l TMSC solution, hydrolysed to cellulose with 2 M HCl vapour for 2 minutes: (a) 
untreated open cellulose film in ambient conditions; (b) same film after immersion in water 
for 15 minutes and fast drying in 80OC (until the water has visibly evaporated from the 
wafer); (c) same film after drying in 110OC for 15 minutes; (d) same film after drying in 
110OC for further 45 minutes. All measurements were performed at room temperature. A 
representative height scan marked in the image is presented under each image. 
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   Table 3 gathers the quantified data from Figure 6. Coverage and apparent volume were 
determined from the height histograms (section 3.2), patch length was calculated by Scanning 
Probe Image Processor (Image Metrology), the patch height was taken from manual analysis 
of 10 height scans (ca. 80 heights) and patch width from manual cross-sectional analysis of 
30 patches in each image. The tip exaggeration on width diameter was evaluated for tips of 5 
nm (min) and 10 nm (max) radii of curvature as in section 3.3 (Fig. 5b). These degrees of 
exaggeration were used to calculate the respective exaggeration in the area of cross sections, 
thus yielding the corrected volume (average of the exaggeration by 5 and 10 nm tips) and the 
corresponding error. 
 
Table 3. Volume, coverage and volume/coverage ratio of the cellulose patches in 1µm2 AFM 

scans. The wetting/drying scheme of Figure 6. 
 
Treatment ambient wetting – 

drying in 80OC 
110OC 

+15 min 
110OC 

+45 min 
Figure 6a 6b 6c 6d 
Patches coverage [%] 43 35 31 30 
Average patch length [nm] a 64 54 53 
Apparent volume  
[105 nm3/µm2] 

2.8 4.4 4.0 3.6 

Average patch width [nm] 20 31 18 15 

Tip exaggeration on width 
diameter [nm] 

1.5±0.5 2.2±0.2 3.0±1.0 4.7±1.7 

Corrected patch width [nm] 18.5±0.5 28.8±0.2 15.0±1.0 10.3±1.7
Corrected volume [105nm3/µm2] 2.65±0.05 4.2±0.1 3.4±0.3 2.3±0.7 
Corrected coverage [%] 40±1 33±1 26±2 21±3 
Average patch height [nm] 0.9±0.1 1.8±0.1 1.6±0.1 1.9±0.1 
a Impossible to determine because of extensive overlapping between the patches. 
 
   It is the error from varying tip radii that renders the volume determination inaccurate when 
the width becomes relatively small compared with the height. The extent of exaggeration to 
the lateral dimensions can always be corrected for parabola-like cross sections in the manner 
presented in Figure 5b. Yet when the width/height ratio of the parabola becomes too large, 
the tip error inflates considerably. One can conclude from Table 3 that, as a rule of thumb, 
when the measured width/height ratio of a parabola-like cross section  is around 15 or more 
(as in Figures 6a and 6b) the volume quantification of section 3.2 has a reasonable error (<2 
%). Once the width/height ratio of a cross section  descends below 10 (as in Figure 6d), the 
error (>30 %) gets out of hand. 
   The overall pattern from Figure 6 and Table 3 is clear: the patches swell during wetting and 
shrink as they are dried. From the wet state (Fig. 6b) to the dried state (Figs. 6c and 6d) only 
heating is applied, i.e. the change in volume is caused by the removal of water. This indicates 
that the cellulose patches are mostly amorphous since crystalline cellulose is largely 
impenetrable by water.[56] The volume from the ambient (Fig. 6) to the dried state (Fig. 6d) 
stays constant or decreases slightly – regrettably the error of volume quantification with Fig. 
6d results in slightly dubious interpretation. What is certain, however, is that the height of the 
patches doubles between ambient and wet state (Fig. 6a to 6b) and that the partially dried 
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patches (Fig. 6c) contract in width and increase moderately in height (Fig. 6d). The volume 
does decrease from Figure 6c to 6d (Table 3), meaning that drying is still taking place after 
the initial 15 minutes of drying. The morphology between the initial state (Fig. 6a) and the 
final dried state (Fig. 6d) is certainly different. 
   The 1×1 µm2 scans of Figure 6 can be misleading without a larger-size picture. We cannot 
be certain, for instance, if there is uneven migration of the cellulose chains during the water 
immersion (between Figures 6a and 6b). This would mean that scans from different areas on 
the surface are not equally representative. Since the 1×1 µm2 could never be performed  at 
exactly the same place on the wafer, we performed larger scans. Figure 7 provides 5×5 µm2 
scans of Figure 6a (Figure 7a) and Figure 6b (Figure 7c). The homogeneity of the layers is 
apparent in both cases. The homogeneity also signifies that the migration of cellulose chains 
during the soaked state (between Figures 6a and 6b) is not a decisive factor in the 
morphological changes in Figure 6, even though we cannot completely rule it out. Further 
evidence for the cellulose content’s staying constant in the patches from Figure 6a to 6d 
appears when the corrected width is compared with the corrected coverage (Table 3): the 
width of the patches in Figure 6a is roughly double to that of Figure 6d. The same applies for 
coverage, which would mean a similar amount of cellulose chains in Figures 6a and 6d, 
provided they are both devoid of water to a large extent. The coverage is actually a product of 
the length of the cellulose network and the average width. Consequently, the coverage 
divided by the average width is the same, and the length of the whole network should then be 
the same. 
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Figure 7. 5×5µm2 AFM images of wetting/drying scheme of an open cellulose film from 
20mg/l TMSC solution, hydrolysed to cellulose with 2 M HCl vapour for 2 minutes: (a) 
untreated open cellulose film in ambient conditions; (b) open cellulose film after immersion 
in water for 15 minutes and gentle drying in 50OC (until the water has visibly evaporated 
from the wafer); (c) same film as in (a) after immersion in water for 15 minutes and fast 
drying in 80OC (until the water has visibly evaporated from the wafer). All measurements 
were performed in room temperature. 
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   Figure 7b, on the other hand, is a unique image of an intermediate state between Figures 7a 
and 7c. It has been achieved by drying the soaked sample in a gentler temperature of 50OC, 
instead of the normal 80OC of fast drying between the figures 7a and 7c (and smaller scans of 
Figs. 6a to 6b). Large amounts of water still prevail on the surface, the higher regions rising 
up to 10 nm in height. The quantification of Figure 7b is limited because of its exclusive 
nature, but it shows that, with carefully chosen parameters,  the tapping mode AFM can be 
stretched to image highly ambient states of cellulose films, similar to images of self-
dewetting polymers.[45] 
 
   Scheme 1 offers a schematic explanation of the possible events in Figure 6, on the basis of 
data in Table 3. The cross sections in Scheme 1 represent the cross sections of an average 
cellulose patch in each Figure 6 image. The lines depict cross sections of individual cellulose 
chains (7Å×3Å) that are more or less arbitrarily arranged in accordance with the patches’ 
amorphous nature. We have presumed that the number of the cellulose chains between 
ambient and wet state is the same (Figs. 6a and 6b). The important interpretation from 
Scheme 1 is that in the dried state (Scheme 1d, corresponding to Figure 6d), the cellulose 
chains are forced to form small regions with a higher degree of order. Moreover, the 
increased height of the dried patches suggests that the cellulose chains would arrange 
perpendicular to the silicon surface (Scheme 1d, Figure 6d), as opposed to the ambient state 
(Scheme 1a, Figure 6a) where the alignment would be more parallel to the substrate. The 
driving force behind this is probably the reduction of the surface area – the surface energy, 
thus – between the hydrophilic patches and the slightly hydrophobic silicon upon drying. The 
optimisation of surface energy is already taking place from the TMSC to the cellulose patches 
(Fig. 2b to 2c), but the morphology is still within the constraints of the original morphology 
of the TMSC film which is a closed network. Water immersion allows the cellulose patches 
to arrange in the most favourable form thermodynamically. This is another observation that 
accentuates the difference between amorphous patches on silicon and natural cellulose. In the 
future, it would be interesting and more authentic to expand the surfaces so that the cellulose 
patches could be blended in with other materials from cell walls, such as lignin or 
hemicellulose. 
 
 

Scheme 1. 
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   We want to stress the conditional tense in these interpretations. The large error in the case 
of Figure 6d, uncertainty of the possible migration of cellulose in the soaked state, and the 
pilot nature of these experiments would leave us in a predicament if unambiguous 
conclusions were drawn.  
 
   However, this introduction is an indication that the open cellulose films can be exploited to 
draw conclusions about the supramolecular architecture of amorphous cellulose in a very 
small scale, provided that more experiments are conducted, and that more analytical 
techniques are incorporated. Especially additional analysis of the open films is absolutely 
vital, since it would reveal, among other things, whether any water has been trapped inside 
the dried cellulose or the amount of charged end groups which are vital in applying the 
Donnan theory to swelling.[57] Furthermore, experiments in varying pH-values would 
consider the polyelectrolyte nature of cellulose. The crystallinity of the cellulose patches is 
also important. In fact, even though we have presumed the patches be amorphous, it is based 
merely on an indication from the swelling of the patches, whereas  the actual degree of 
crystallinity remains undetermined. The small size of the patches challenge the limitations of 
any instrumental technique, but our group is currently working on the issue and the results 
will be published later elsewhere. 
 
6.4 Conclusions 
   Refining the method introduced in Chapter 5 of spin coating trimethylsilyl cellulose 
(TMSC) and hydrolysing it back to cellulose, we have managed to reproducibly prepare open 
nanosized films of cellulose on an untreated silicon substrate. Atomic Force Microscopy 
(AFM) revealed that, in the open films, cellulose arranges into patches which have lateral 
dimensions of roughly 20×(50-100) nm and a height of 0.9 nm. The AFM histogram of the 
height distribution over the surface showed two distinct features which could be resolved to 
silicon and cellulose contributions by Gaussian peak fit. In addition, the volume of the 
cellulose patches could be quantified from the histograms with considerable accuracy. The 
lateral exaggeration by the AFM tip on the image was determined by fitting a parabola onto a 
cross section of a cellulose patch and it was found to be around 6 % with an error of ±2 %. 
The small error arises because of the flatness of the cellulose patches. When the measured 
width/height ratio of parabola-like cross sections is around 15 or more the volume 
quantification has a reasonable error (<2 %). When the width/height ratio of a cross section 
descends below 10, the error (>15 %) gets out of hand. 
   The open cellulose films and their availability for volume quantification were utilized by 
examining the behaviour of cellulose patches during wetting and drying with water. 
Expectedly, swelling was observed among wetting, and shrinking after drying. However, the 
morphology was not restored reversibly, which indicates that the open films are suitable for 
interpretation when investigating the supramolecular rearrangements of cellulose during 
wetting and subsequent drying. Other characterization techniques are necessary to fully take 
advantage of their potential, but our results show that the open films are a practical way to 
improve the otherwise vague knowledge of the amorphous rearrangements of cellulose.  
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TRIMETHYLSILYL CELLULOSE / POLYSTYRENE 
(TMSC/PS) BLENDS AS A MEANS TO CONSTRUCT 

CELLULOSE DOMAINS ON CELLULOSE 
 
 
 
7.1 Introduction 
   So far, we have introduced a method to prepare closed cellulose films on silicon (Chapter 
5) and a method to prepare open cellulose films on silicon, i.e. nanosized domains of 
cellulose with a silicon surface in between (Chapter 6). In this chapter, we present an 
unprecedented cellulose surface which combines the advantages of the model surfaces 
introduced in Chapters 5 and 6: an open film of µm-scale domains of cellulose on a closed 
film of cellulose. These surfaces are achieved by means of spin coating polymer blends. 
 
   Binary polymer blends have been subject to extensive research since the 1970s and their 
bulk properties, both physical and chemical, are thus well exposed.[1-13] The tendency for 
phase separation (spinodal decomposition) of different polymers within the same solution is 
so great that even deuterated polymers segregate from their protonated counterparts.[5,6] The 
different phases have usually a disordered, isotropic morphology.[4,6] 
   The phase separation is dramatically altered in the presence of a surface - for instance, in 
the rapid quench of solvent evaporation during spin coating - by the attraction of the 
components to surface and the geometrical constraints.[14] Therefore, the substrate plays a 
significant role in the phase separation process of ultrathin polymer blend films. Roughly two 
kinds of segregation behaviours can be addressed. A high affinity between the substrate and 
one of the polymers may lead to a complete vertical separation where the polymer attracted to 
the substrate forms a uniform sublayer directly on the substrate with the other polymer layer 
on the surface (asymmetric segregation).[15,16] However, usually the attraction between one 
polymer and the substrate is not drastically different from that of the other polymer and the 
resulting film shows lateral segregation to two types of domains with a morphology which, at 
times, appears aesthetically eccentric (symmetric segregation).[15-36] Simulations have shown 
that the morphology is a result of a competition between diffusive and hydrodynamic 
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growth.[37] Therefore, the choice of solvent, compatibility of polymers, and varying the blend 
composition and the concentration (viscosity) significantly affect the subsequent morphology 
of binary polymer blend films.[15,16,18,20,22,25,26,28-30] 
   Besides the effect of various coating parameters to their morphology and composition, the 
polymer blend films have been applied to study dewetting, the collapse of the film structure 
upon annealing above the polymers’ glass transition temperature.[15,20,22,26,27,38-40] In addition, 
there are accounts of tailoring specific kind of surfaces with the aid of polymer blends.[23,36,41-

43] In this chapter, we want to bring our contribution to the latter application.  
    The hydrolysis of trimethylsilyl cellulose (TMSC) to cellulose marks a transformation of a 
relatively hydrophobic structure to a hydrophilic one. As shown in Chapter 5, this 
transformation can be reliably performed after spin coating, i.e. hydrolysing a thin film of 
TMSC to an even thinner film of cellulose. If one considers mixing TMSC with another 
hydrophobic polymer and hydrolysing the TMSC to cellulose after spin coating the mixture, a 
novel surface emerges: a binary polymer blend film with a hydrophobic and hydrophilic 
component. We chose polystyrene (PS) as the hydrophobic polymer to be blended with 
TMSC.  
   The cellulose/PS films alone are of interest to the growing applications of polymer films in, 
for instance, microelectronics, lubrication, sensors, medicine, or bioengineering.[44] To our 
knowledge, there are no accounts of hydrophilic / hydrophobic polymer blend films in the 
literature. However, as the thesis is focused on the surface chemistry of cellulose and has a 
heavy bias on model surfaces, we will demonstrate how the selective dissolving of the PS 
phase in the film will lead to a cellulose surface that actually has conspicuous domains of 
cellulose on a flat layer of cellulose. These surfaces overcome a limitation of organic model 
surfaces: that the Young’s modulus and thermal expansion coefficient of the model substance 
are totally different to those of the inorganic substrate, which can lead to rupture or 
delamination upon harsh treatments.[42,45,46] Moreover, as cellulose in its native environment 
is often embedded with various other forms of cellulose (amorphous vs. crystalline), different 
polysaccharides and lignin, we take the model surfaces proposed in Chapter 5 and Chapter 6 
one step closer to the natural state of cellulose. This makes the previously introduced 
cellulose surfaces by no means redundant. The smoothness of the closed films in Chapter 5 
makes them ideal for, e.g. surface force studies, and the nanosized patches in Chapter 6 are of 
interest for the visualization of very small domains and their molecular arrangement and re-
arrangement. 
 
7.2 Experimental 
 
   Materials. Trimethylsilyl cellulose (TMSC) was prepared from microgranular cellulose 
and characterized with XPS and ATR-IR as described in Chapters 5 and 6. The degree of 
substitution of the TMSC was 2.3 (2.3 out of 3 hydroxyls in cellulose replaced by TMS 
groups). Toluene was p.a. grade from Merck. Polystyrene was the secondary standard grade 
from Aldrich; typical molecular weight according to the manufacturer was 280000 Da. 
   Preparation of model surfaces. 10 g/l solutions in toluene were prepared from both 
TMSC and polystyrene (PS). The joint solutions of TMSC and PS were prepared by mixing 
the two 10 g/l solutions and diluting the rest with toluene in such a fashion that the 
concentration of the major component was 5.0 g/l and the minor component 2.5 g/l. Thus, in 
the spin coating solution of TMSC:PS 1:2, the concentration of TMSC was 2.5 g/l and the 
concentration of polystyrene was 5.0 g/l. In TMSC:PS 2:1 solution, the ratios were inverse. 
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   The solutions were spin coated with a spinning speed of 4000 revolutions per minute (rpm). 
The substrates used were untreated silicon wafers (Topsil) with (100) surface orientation, cut 
to ca. 2×2 cm2 squares.  
   The regeneration of the spin coated TMSC to cellulose was performed by acid hydrolysis. 
A small amount of 2 M hydrochloric acid was placed on the bottom of a glass container with 
a holder for the spin coated wafers. The vapour pressure was allowed to stabilize for an hour, 
after which the wafer was placed in the container and the vapour phase acid hydrolysis was 
carried out for 2 minutes. 
   The PS phase of hydrolysed cellulose/PS films was dissolved by immersing the sample in 
toluene for 1 h in 65OC under magnetic stirring. After the immersion the wafer was removed 
from the solute, rinsed several times with fresh toluene, also heated to 65OC, and dried in 
laboratory air. The hot toluene quickly evaporated from the hydrophilic cellulose surface. 
   Atomic Force Microscopy (AFM) was performed with Solver P47H base with a SMENA 
head, manufactured by NT-MDT. The cantilever of choice was contact silicon CSC12 
manufactured by Micromasch, used in tapping mode. The typical force constant of the 
cantilever was in the region of 2.0 N/m and the typical resonance frequency around 150 kHz. 
The radius of curvature for the tip was always less than 10 nm, according to the 
manufacturer. Free oscillating amplitude of the cantilever was approximately 10 nm, and the 
set point amplitude was set close (~70 %) to the free-oscillating amplitude in order to work in 
the regime where long range attractive forces dominate the amplitude reduction. This gave 
the best topographic information and minimized the sample indentation.[47,48] All 
measurements were performed at room temperature. 
  X-ray Photoelectron Spectroscopy (XPS). XPS was performed using VG Escalab 200 
system with an aluminium anode (Al Kα = 1486.3 eV) operating at 510 W with a background 
pressure of 2×10-9 mbar. The spectra were recorded with 20 eV pass energy, 0.1 eV step, and 
0.1 s dwell time. The angle between the X-ray beam and the surface normal was kept at 0O 
unless otherwise mentioned. Using synthetic Gaussian-Lorentzian (30-70) peaks the C 1s 
spectra were resolved into different contributions of bonded carbon that are known to exist in 
the cellulose and TMSC molecules, namely C-O, O-C-O, C-Si, and C-HX. The chemical 
shifts were obtained from literature.[49] The spectra were charge corrected by setting the 
saturated C-HX (hydrocarbon) contribution in C 1s emission to 285.0 eV. 
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7.3 Results and Discussion 
 
   7.3.1 Morphology by AFM 
   The AFM image of spin coated film of TMSC/PS blend with a ratio 2:1 is presented in 
Figure 1a, indicating heavily a case of symmetric segregation. Two domains are apparent in 
amplitude images, but their height difference is unremarkable, as illustrated by a 
representative height scan below the image. The height distribution histogram (not shown) 
did not indicate a presence of two separate height regimes. After the hydrolysis of the TMSC 
to cellulose, the separation of phases is apparent: as the bulky TMSC contracts significantly 
by the hydrolysis to a concise cellulose structure, the phases can be identified as shown in 
Figure 1b. The brighter regions are the polystyrene which remains unchanged in an acid 
environment whereas the darker regions represent the cellulose which has sunk in during the 
hydrolysis due to the loss of bulky TMS groups and the tight hydrogen bonding network of 
cellulose. This distinction is further illustrated in Figure 1c where the surface has been 
immersed in toluene (65OC) for one hour with magnetic stirring. Toluene selectively 
dissolves the polystyrene leaving the cellulose unchanged on the surface. Thus, the darker 
regions in Figure 1c represent what used to be polystyrene and out of this phase island-like 
cellulose domains protrude. The cellulose islands have an approximate width of 2-3 µm, 
length of 2-15 µm, and a height of 12 nm. 
 
   An inverse ratio of TMSC/PS blend to that of Figure 1a is used to produce the film depicted 
in Figure 1d (TMSC/PS - 1:2). Again, the height separation of the two phases is meagre in 
Figure 1d, although they are recognizable in the amplitude image. However, upon hydrolysis 
of TMSC to cellulose, the segregation becomes distinct also in height (Figure 1e). The 
cellulose sinks in and appears as the lower (darker) regions and the polystyrene remains the 
higher, continuous phase surrounding the cellulose features. The larger PS ratio naturally 
accounts for a larger amount of polystyrene than in Figure 1b. Toluene immersion exposes 
fully the cellulose (Figure 1f), previously partly confined by the large PS phase. The resulting 
film consists of cellulose domains with a width of ca. 1 µm, length of 2-4 µm and an average 
height of 10 nm. These films bear a resemblance to the nanosized cellulose patches in 
Chapter 6, disregarding the larger size of the domains in Figure 1f. As the preparation 
conditions for the two films in Figures 1a-1c and 1d-1f are the same except for the TMSC/PS 
ratio, the effect of the polymer ratio to the morphology is strikingly evident.  
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Figure 1. 25×25 µm2 AFM scans from (a) TMSC/PS spin coated with a ratio 2:1; (b) same 
film with TMSC hydrolysed to cellulose; (c) same film, polystyrene has been removed leaving 
only cellulose on the surface; (d) TMSC/PS spin coated with a ratio 1:2; (e) same film with 
TMSC hydrolysed to cellulose; (f) same film, polystyrene has been removed leaving only 
cellulose on the surface. (a) and (d) are amplitude images, (b), (c), (e), and (f) are height 
images. A representative height scan is provided underneath every image. A line in the image 
indicates the position of that height scan. 
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   7.3.2 Chemical composition by XPS 
   The chemical composition of the TMSC/PS blends was characterized by XPS. Figure 2 
shows the corresponding deconvoluted C 1s spectra to the images in Figure 1, that is, the 
TMSC/PS ratios of 2:1 and 1:2 (Figures 1a and 1d) and the subsequent hydrolysis of TMSC 
to cellulose (Figures 1b and 1e) and PS removal with toluene (Figures 1c and 1e). Figures 2a 
and 2d show the untreated films of TMSC/PS of ratios 2:1 and 1:2, respectively. The O-C-O 
and C-O contributions stem solely from TMSC and their ratio (0.21-0.23) is in agreement 
with the atomic ratios within the TMSC (or cellulose) which is theoretically 0.2. The C-HX 
contribution originates from polystyrene, and the C-Si ratio from the TMS-groups of the 
TMSC. Additional to C-HX, PS also contributes to the shake-up peak from the energy loss of 
the photoelectrons from the aromatic carbons (see Chapter 2.2). The difference between the 
binding energies of the C-HX and C-Si contributions differs by less than 0.5 eV. Therefore, 
one should treat this distinction with care. It is nevertheless apparent that the larger PS share 
with TMSC/PS 2:1 ratio (Figure 2d) ends up as a higher C-HX contribution than with the 
lower PS ratio (Figure 2a). 
 
   Hydrolysis of TMSC to cellulose changes the chemistry of the film decisively as the C-Si 
contribution disappears and the deconvolution is more distinct (Figures 2b and 2e). Peaks 
attributed to polystyrene (C-HX and shake-up) have a higher share from the C 1s area than the 
TMSC/PS ratio would imply, especially with the lower TMSC (now cellulose) concentration 
(Figure 2e). Cellulose is much smaller in size than TMSC, owing to the concise hydrogen 
bonding network and the absence of the bulky TMS groups but the area should nevertheless 
be same. The dominance of PS related can be explained by the fact that carbon contributes to 
only 6/11 of the atoms in cellulose detectable by XPS (excluding hydrogen, that is). Taking 
the atomic ratios into account, the corrected cellulose/PS ratios are 61/39 for the original 2:1 
ratio, and 25/75 for the original 1:2 ratio. Polystyrene still retains a predominance over 
cellulose with respect to the ratios, but one must bear in mind that the original TMSC/PS 
ratios are based on weight percentages. This gives polystyrene (M=104g mol-1/monomer) a 
molar advantage over TMSC (M=328 g mol-1/monomer for 2.3 degree of substitution). More 
importantly, the hydrocarbon contamination in these surfaces is rather large, as explained in 
the following paragraph. The impurities add up to the C-HX contribution. 
 
   The removal of polystyrene shows up as a considerable decrease in the C-HX contribution 
and a loss of the shake-up peak (Figures 2c and 2f). However, the C-HX contribution has still 
a large share in the both C 1s spectra, much larger than in the corresponding C 1s spectra of 
the smooth, closed films (Chapter 5, Figure 2). The size of the C-HX contribution, moreover, 
is in correlation with the original amount of PS in the spin coating mixture. An additional 
point of concern is that upon the removal of PS, a new peak emerges in the C 1s spectrum: a 
carboxylic (O-C=O) contribution (Figures 2c and 2f). Since all the data presented here is 
reproducible, we can only conclude that the PS removal leaves impurities on the surface. The 
toluene used to dissolve the polystyrene is the same grade as used for the spin coating so it is 
very unlikely to contribute for the impurities. In consequence, the polystyrene itself must be 
the source of the impurities visible in Figures 2c and 2f. The carboxylic contribution does not 
appear in the cellulose/PS films (Figures 2b and 2e) because of the high amount of 
polystyrene on the surface. Dissolving the polystyrene  enriches the trace impurities, formerly 
in the polystyrene, to the film surface, and XPS detects them because of its high surface 
sensitivity. Remnants of polystyrene are very unlikely to contribute to the impurities because 
of the absence of the shake-up peak. A fatty acid is a candidate for the impurity by containing 
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both C-HX and carboxylic carbons and not being soluble in toluene. Angle resolved XPS with 
45O angle instead of the normal 0O between the analyser and the surface normal of the sample 
was trialled, making the analysis more surface sensitive. The C-HX contribution showed a 
growing tendency, indicating that the impurities are, indeed, on the surface (Figure 3). The 
carboxylic contribution is too small to show visually detectable change. 
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Figure 2. C 1s bands from the XPS spectra: (a) TMSC/PS spin coated with a ratio 2:1; (b) 
same film with TMSC hydrolysed to cellulose; (c) same film, polystyrene has been removed 
leaving only cellulose on the surface; (d) TMSC/PS spin coated with a ratio 1:2; (e) same 
film with TMSC hydrolysed to cellulose; (f) same film, polystyrene has been removed leaving 
only cellulose on the surface; (g) same film as (c), immersed in ethanol for one hour; (h) 
same film as (f), immersed in ethanol for one hour. 
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   Immersing the cellulose surfaces, that resulted in the spectra of Figures 2c and 2f, in 
ethanol removed the carboxylic contribution but increased the C-HX contribution (Figures 2g 
and 2h). This demonstrates a common dilemma in model surfaces and surface sensitive 
techniques: each treatment is prone to add more surface impurities. In addition, surface 
impurities, once deposited, are difficult to abolish. 
   Figure 3 confirms that the impurities in the cellulose only films (Figure 2c and 2f) are 
surface impurities. Angle resolved XPS reveals that increasing the surface sensitivity of the 
XPS increases the hydrocarbon peak. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Angle resolved XPS spectra. 0O is the standard angle between the analyser and the 
surface normal, 45O renders the analysis more surface sensitive.  (a) cellulose film from 
TMSC/PS 1:2, hydrolysed and PS removed; (c) cellulose film from TMSC/PS 2:1, hydrolysed 
and PS removed. 
 
   As for the XPS widescans of the samples (not shown), no unexpected elements were 
discovered on the surface. The peaks detected were carbon, oxygen, and a small amount of 
silicon (except for the unhydrolysed TMSC where the silicon peak was large). The silicon 
peak requires a closer scrutiny since one could argue that it might be a result of incomplete 
hydrolysis of the TMSC to cellulose. This would also explain the large amount of C-HX 
contribution in the cellulose after polystyrene removal (Figures 2c and 2f) if C-Si is 
considered undistinguishable from C-HX. Although the extent of hydrolysis was already 
reliably expressed in Chapter 5, we want to prove that incomplete hydrolysis of the TMSC is 
not the case with the TMSC/PS blends. The Si 2p peaks of the cellulose samples - whose C 
1s spectra  was shown in Figures 2c and 2e (polystyrene removed) - are juxtaposed with an Si 
2p peak from an untreated silicon wafer, the substrate used in these studies (Figure 4). The 
samples from TMSC/PS ratios 1:2 and 2:1, hydrolysed and PS removed (Figures 4b and 4c), 
show a striking similarity to the silicon wafer which has a major peak of silicon and a smaller 
peak of silicon oxide (Figure 4a), arising from the amorphous SiO2 layer on the surface of the 
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wafer. These results indicate that the silicon contribution in the XPS widescan is from the 
silicon wafer underneath the cellulose. The SiO2 contribution is slightly higher in Figure 4c 
but this arises from the fact that the amount of SiO2 on the surface of the wafers is not 
necessarily stable. For the sake of comparison, an Si 2p peak from the TMSC/PS 2:1 sample 
(untreated) is shown in Figure 4d. It clearly shows only the Si contribution, originating from 
TMSC, without the SiO2.  
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Figure 4. Si 2p bands from the XPS spectra: (a) plain, untreated silicon wafer; (b) cellulose 
film from TMSC/PS 1:2, hydrolysed and PS removed; (c) cellulose film from TMSC/PS 2:1, 
hydrolysed and PS removed; (d) TMSC/PS 1:2. 
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   From the chemical survey by XPS, we can conclude that the method of spin coating TMSC 
with polystyrene results in a layer of both compounds. The (complete) hydrolysis of TMSC 
results in a cellulose layer, blended with polystyrene, with C-O/O-C-O ratio in correlation 
with theoretical value of cellulose (Table 1). The selective dissolving of polystyrene by 
toluene leaves a cellulose surface with some impurities, possibly fatty acids. These impurities 
are enriched on the surface. 
 
   7.3.3 Quantitative survey 
   The question to arise from Figure 1 and the XPS data is: are the cellulose domains in 
Figures 1d and 1f embedded on the silicon substrate or is there a closed layer of cellulose 
between the domains and the silicon? And if there is a sublayer of cellulose underneath the 
domains, how thick is this layer? From the studies with polystyrene / poly(methyl 
methacrylate) blends, we know that, with a favourable choice of solvent and substrate, the 
more polar poly(methyl metacrylate) forms a continuous layer between the phase segregated 
structures and the substrate when a more polar substrate like gold or silicon oxide is used.[15] 
Since the degree of substitution of the TMSC is 2.3, on average 0.7 hydroxyl groups prevail 
per one monomer of TMSC. These hydroxyl groups, together with the heterocyclic ring 
structure, make TMSC far more polar than PS. Thus, a layer of TMSC and, subsequently, 
cellulose is to be expected between the segregated cellulose/PS structures and a silicon 
substrate. This sublayer of cellulose would imply that we have, indeed, conspicuous domains 
of cellulose on a closed layer of cellulose after the polystyrene has been removed. 
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Figure 5. (a) 1×1 µm2 AFM scan of cellulose on cellulose sample, originally from TMSC/PS 
1:2, hydrolysed and PS removed; (b) 25×25 µm2 AFM scan of a scratched cellulose on 
cellulose sample, originally from TMSC/PS 1:2, hydrolysed and PS removed; (c) 12×12 µm2 
AFM scan of a scratched cellulose on cellulose sample, originally from TMSC/PS 2:1, 
hydrolysed and PS removed. All images are amplitude images. The representative height 
scan underneath the images is indicated with a white line in each image. 
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   The low silicon contribution in the XPS spectra and the baseline in the height scan of 
Figure 1f already indicates that the cellulose domains are lying on a surface which is rougher 
than the ±3 Å variation on a silicon surface (see Chapter 6.3.2). Figure 5 shows a closer (1×1 
µm2) scan of the surface in Figure 1f, i.e. the cellulose after removal of polystyrene. The scan 
is taken from a “connection” point of two higher cellulose domains. It is evident from figure 
5a that both the domains and the background consist of similar, grain-like structures which 
bear a candid resemblance to the closed films of Chapter 5. Figure 5b unambiguously reveals 
the presence of the sublayer for the cellulose surface prepared from TMSC/PS ratio 1:2. The 
surface has been scratched, which exposes the flat silicon surface underneath the sublayer of 
cellulose. The thickness of the sublayer is ca. 3-4 nm. 
   Figure 5c shows a scratched cellulose surface prepared from TMSC/PS ratio of 2:1. The 
appearance of the scratch is far more rudimentary as in Figure 5b, but a clear presence of a 
sublayer is still evident. The distance between the two marks in the height scan of Figure 5c 
is 7 nm, indicating a two fold increase in the sublayer in Figure 5b (3.5 nm). However, the 
scratch in Figure 5c is more rudimentary than in 5b, bearing a greater degree of uncertainty. 7 
nm is actually the maximum height difference in Figure 5c, but the uncertainty dictates that it 
can be anything between 4 and 7 nm.  
   Scheme 1 puts forward a proposed illustration of what happens when the TMSC/PS 
surfaces are treated after the spin coating. During spin coating, a thin TMSC layer is formed 
on the substrate surface as the lateral segregation of TMSC and PS takes place on top of that 
layer (a). The TMSC layer contracts upon its transformation to cellulose during hydrolysis, 
leaving the PS layer protruding from a sea of cellulose (b). The lateral size of the PS domains 
depends on the TMSC/PS ratio. As the PS is removed by toluene immersion, the remaining 
cellulose structure is left intact, resulting on domains of cellulose lying on a continuous 
sublayer of cellulose (c). The heights of the layers are deducted from a manual analysis of ten 
height scans on the corresponding AFM images, except for the sublayer of cellulose which is 
taken directly from the scratched AFM images of Figure 5. 
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   Figures 6a and 6c show the histograms of height count distributions from 25×25 µm2 scans of 
Figures 1d and 1f, respectively (original TMSC:PS 2:1). After a Gaussian peak fit, cellulose and 
polystyrene appear as distinct peaks in Figure 6a, indicating a presence of two plateaux in the 
surface. When the polystyrene has been removed, the cellulose sublayer and the cellulose 
domains are clearly visible in Figure 6c.  
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Figure 6. (a) Height distribution histogram of cellulose/PS sample, originally from TMSC/PS 
2:1; (b) schematic representation of a cross section in the AFM scans; (c) height distribution 
histogram of cellulose on cellulose sample, originally from TMSC/PS 2:1; (d) volumetric 
height distribution (height counts multiplied by their heights) of cellulose on cellulose 
sample, originally from TMSC/PS 2:1. 
 
   The histograms of Figure 6 give us a two plateau model because the cellulose (or polystyrene) 
domains are no longer parabola shaped structures, such as the nanosized domains in Chapter 6 
(see section 6.3.3). The width of the domains in Figure 1 is always at least a micrometre, usually 
much more. When the micrometre sized width is compared with the 12 nm height of the 
domains, the model of two plateaux, separated by a height of 12 nm, makes sense. Because of 
this model, we can extract the average heights of the polystyrene (Figure 6a) and the cellulose 
domains (Figure 6c). The heights are calculated in the same way for the samples with original 
TMSC:PS ratio of 1:2 (histograms not shown). The results of the average heights are tabulated 
to Table 1. They are in sound agreement with the manually calculated heights in Scheme 1. 
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Table 1. Average height of the cellulose plateaux on a cellulose sublayer, deducted  from the 
height distribution histograms and from a manual count from height profiles. 

 
Original ratio Corresponding 

figure 
Height from 
histograms 

Height from 
a manual count 

TMSC/PS 2:1 1c 11.5 12 
TMSC/PS 1:2 1f 9 9 

 
 
   A curious feature of the histograms in Figure 6 is the presence of a middle region, for instance 
A3 in Figure 6a. A sketch in Figure 6b shows how these volumes correspond to the cross section 
of the surface. The tip error in the AFM does not have an effect with such large scans as 25×25 
µm2: a pixel has a side length of 49 nm which exceeds the maximum 10 nm dimensions of the 
tip. There is a lateral exaggeration, however, arising from the non-linearity effects of the AFM 
electronics with the large scanning areas. This exaggeration is only prevalent in the scanning 
direction (horizontal or "x" direction in this case). The non-linearity effects are demonstrated in 
Figure 7. This 10×10 µm2 scan (Figure 7) is actually a zoom of Figure 1f. The cross section in 
the scanning direction (Figure 7b) shows the additional area in its shape. Figure 7c is a cross 
section from the direction perpendicular to the scanning direction. No effect on the shape, which 
contributes to the middle area in height distribution, is found here. 
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Figure 7. (a) 1×1 µm2 AFM scan of cellulose on cellulose sample, originally from TMSC/PS 
1:2; (b) horizontal cross section, parallel to the scanning direction, indicated in the image; 
(c) vertical cross section, perpendicular to the scanning direction, also indicated in the 
image. 
 
   Based on Figure 7, the unfitted middle area, like A3 in Figure 6a, is largely an artefact of 
the non-linearity effect. Therefore, it is regarded as a part of the lower plateau. This means 
that A3 in Figure 6a, for instance, is attributed to the cellulose share (A2). 
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   The areas from the height count distributions (Figures 6a and 6c) give us the relative areas of 
each component. Table 2 expresses the relative areas taken by each component in the AFM 
scan. First, the height distributions of images from cellulose/PS films are calculated, 
corresponding to Figures 1b and 1e. Then the relative amounts of the cellulose sublayer and the 
cellulose domains are calculated and the area of the cellulose sublayer is attributed to 
polystyrene because it used to be polystyrene before it was removed with toluene. The 
cellulose/PS ratios from the XPS data (section 7.3.2) are also presented in Table 2.  
 

Table 2. The relative areas of cellulose and polystyrene on the surface of the cellulose/PS 
samples as determined from AFM height distributions and from the XPS data. The 

cellulose/PS ratio in the AFM (cellulose only) column is calculated with the assumption that 
the cellulose sublayer used to be filled with polystyrene. Corresponding figure, from which 

the calculation has been made, is expressed in parentheses. 
 

Original ratio AFM 
(cellulose/PS) 

AFM 
(cellulose only) 

XPS 
(cellulose/PS) 

Volume a 
[µm3/25 µm2] 

TMSC/PS 2:1 60/40 (Fig. 1b) 66/34 (Fig. 1c) 61/39 10.3 (Fig. 1c) 
TMSC/PS 1:2 37/63 (Fig. 1e) 15/85 (Fig. 1f) 25/75 1.30 (Fig. 1f) 

a) The volume of cellulose domains calculated from Equation 1. 
 
   Volumetric analysis similar to Chapter 6.3.2 can be applied to the cellulose on cellulose 
domains. A volumetric height distribution is gained by multiplying the height counts of the 
ordinate by the corresponding heights (see section 6.3.2). Figure 6d shows the volumetric height 
distribution calculated from Figure 6c. The volume of the cellulose domains are given by 
Equation (1), modified from section 6.3.2: 
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   The symbols of equation one are expressed in Figure 5. V1 and V2 are the areas of the 
cellulose and cellulose sublayer peaks, respectively (Figure 5d). The coverage (θ) is 
calculated as the corresponding area ratio of the total area from the height distribution 
histograms (Figure 5c). The volume is corrected with the following terms: Apix which is the 
area of one pixel (2384 nm2) in a 25×25µm2 scan, and lh which is the height step (0.14nm), 
i.e. resolution of the height. In summary, equation (1) means that the volume of the cellulose 
sublayer under the cellulose (θ1V2/θ2) is subtracted from the volume of cellulose V1. 
 
   The volumes of the cellulose domains on a cellulose sublayer are also listed in Table 2, along 
the cellulose/PS ratios from different AFM measurements and XPS data. The surprising element 
is the very low amount of cellulose in the films originating from the TMSC/PS 1:2 ratio: the 
volume of the 1:2 ratio is only 1/8 of that of 2:1 ratio. The volumetric analysis correlates with 
the coverage of the AFM data from the cellulose only films. However, when the ratios of 
cellulose and PS are calculated from the AFM measurements of the cellulose/PS films, the 
relative amounts are faithful to the original TMSC/PS ratios. The cellulose/PS ratios from the 
XPS data fall in the in-between category for the sample of the original TMSC/PS 1:2 ratio. As 
the hydrocarbon impurities affect the polystyrene ratio, however, the cellulose/PS ratio from the 
XPS data is probably closer to the 37/63 ratio from the AFM data of cellulose/PS films.  
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   Based on Table 2 and the thickness of the sublayers, we propose the following scheme for 
the sample of original TMSC/PS 1:2 sample. Upon spin coating, a considerable amount of 
TMSC is deposited on the sublayer, thus there is less TMSC in the lateral domains than the 
TMSC/PS ratio would imply. Hydrolysis to cellulose reduces the size of the TMSC (now 
cellulose) domains. This reduction is not only vertical but also lateral. However, there is an 
empty space between the cellulose domains and polystyrene in the cellulose/PS film. The 
XPS thus analyses partly the cellulose sublayer between the PS and cellulose domains. AFM 
does the same thing as we account everything between the PS domains to the cellulose 
domains although some of it belongs to the cellulose sublayer. The removal of polystyrene 
then reveals the true nature of the surfaces: much more cellulose is found in the sublayer than 
in the domains. The volume of a 4 nm thick sublayer is 2.5 µm3/25 µm2, as opposed to the 
1.3 µm3/25 µm2 in the domains (Table 2). 
   When the original TMSC/PS ratio is 2:1, the lateral segregation corresponds to the original 
ratio. Furthermore, not as much TMSC is deposited to the sublayer than in the TMSC/PS 1:2 
sample. Because of the large uncertainty in the thickness of the sublayer in the TMSC/PS 2:1 
sample, the amount of cellulose in the subsequently hydrolysed sample is impossible to 
determine. 
 
4. Conclusions 
   We have managed to construct a new kind of cellulose film which can be used as a model 
surface. The preparation takes place in three steps: 
 

(i) blending trimethylsilyl cellulose (TMSC) and polystyrene (PS) in a toluene 
solution and spin coating the mixture on a silicon wafer 

(ii) hydrolysing the TMSC to cellulose after the spin coating 
(iii) dissolving the polystyrene which leaves cellulose intact on the surface 

 
   The resulting surfaces consist of conspicuous domains of cellulose on a cellulose sublayer 
(cellulose on cellulose). The thickness of the sublayer and the size of the cellulose domains 
are depended on the TMSC/PS ratio in the spin coating process. TMSC/PS 2:1 ratio results to 
a cellulose sublayer of 4-7 nm and domains with an approximate width of 2-3 µm, length of 
2-15 µm, and a height of 12 nm. TMSC/PS 1:2 ratio results in a 3-4 nm cellulose sublayer 
and domains with a width of ca. 1 µm, length of 2-4 µm and an average height of 9 nm. The 
chemical composition of these films was characterized with X-ray Photoelectron 
Spectroscopy (XPS) which showed that the films consisted of cellulose with a slight impurity 
on the surface. The surface impurity is likely to be a fatty acid.  
   The AFM height data was scrutinised in height distribution histograms and compared with 
the XPS data. This quantitative survey revealed that the TMSC/PS spin coating ratios do not 
directly correspond to the lateral segregation of cellulose and polystyrene in the 
cellulose/polystyrene films. Nor does the TMSC/PS ratio correspond directly to the volumes 
of the cellulose domains in the final cellulose on cellulose films. The data is ambiguous but 
the trend is clear: when TMSC is the dominant component in spin coating (TMSC/PS 2:1), 
the lateral domains of cellulose and polystyrene correspond to the original TMSC/PS ratio. In 
TMSC/PS 1:2 ratio, the amount of cellulose in the cellulose domains is less than the 
TMSC/PS ratio would imply; most of the TMSC – and subsequent cellulose – has been 
deposited to the closed sublayer of these films. 
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   The cellulose on cellulose films are a novel and important introduction to the literature of 
cellulose model surfaces. The closed, thin sublayer of cellulose offers a unique advantage that 
takes these films closer to the natural environment of cellulose where it is incorporated in a 
matrix of various other forms of cellulose and other carbohydrates. The huge chemical and 
physical difference of an inorganic substrate and organic cellulose is also overcome with 
these surfaces as the cellulose domains are embedded on a substrate of their own chemical 
and physical nature. The trace impurity on the surface is a nuisance. On the other hand, as the 
natural fibres are always covered by the surface enriched hydrocarbon extractives (Chapter 
3), a fatty acid on the surface of these films can be considered, euphemistically, again a step 
closer to authenticity. 
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OUTLOOK AND CONCLUSION 
 
 
 
8.1 Natural fibres 
   The storyline of this thesis leads up to the model surfaces, which gives a rather subdued 
attention to the research on natural fibres in Chapters 3 and 4. However, native cellulose and 
natural fibres are very much a viable field of research, as described in the introduction 
(Chapter 1.5) and the introduction sections of Chapters 3 and 4. Recent studies on natural 
fibres and solid state NMR, for instance, have shed new light to the obfuscated events within 
the fibre during wetting and drying, i.e. hornification.[1] 
The viability can also be confirmed by consulting one of the dozens of journals devoted to 
natural fibres and wood and paper chemistry in general (see references in Chapters 1.5, 3.1, 
4.1). 
   Chapter 3 demonstrated that a lot of standard pulp and paper testing methods can be 
correlated with XPS and SEM results. SEM is especially prominent as a visual link to such 
qualities as fibre width or the kink and curl index. XPS shows the surface equivalents of bulk 
trends of the chemical changes in the fibre during different processing methods. The lack of 
correlation between the industrial samples of Chapter 3 resulted in awkward and vague 
interpretation.  General tendencies were, at times, apparent. For example, the results showed 
that a deinked, recycled grade has the same properties to a large extent as virgin fibre. 
   In Chapter 4, a cohesive set of samples from a representative pulp species exposed the 
common trends of recycling. The detrimental effect of drying and rewetting to fibre strength 
and its water retention was demonstrated as well as the improvement in those qualities due to 
subsequent beating. The surface analysis by XPS and SEM, however, added little to the 
already known and it is advisable in the future to incorporate more techniques alongside the 
standard pulp and paper analysis. Furthermore, if not model surfaces, model compounds 
should be applied with more enthusiasm. For instance, the behaviour of different crystalline 
states of cellulose and amorphous cellulose in solid state NMR during drying and rewetting is 
a strong candidate for a future setup in recycling research. Alongside natural fibres, of course. 
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8.2 Closed, smooth cellulose films as model surfaces 
   The closed films produced in Chapter 5 were morphologically rather similar to the previous 
attempts to prepare cellulose model surfaces.[2-5] The novel method added a strong contestant 
to the repertoire. Once the trimethylsilyl cellulose (TMSC) has been synthesised, the 
preparation of films on untreated silicon wafers is very fast: the spin coating taking ca. one 
minute and hydrolysis another minute; it is feasible to prepare up to 50 films in one day 
without a special effort. The ease of preparation is a significant advantage when compared 
with the other methods.[2-5] 
   The cellulose model surfaces, introduced in Chapter 5, are as suitable as any for surface 
force[6-8] or adsorption studies[9,10] because of their characteristic smoothness (roughness 
profile of max. 3 nm with optimal preparation parameters). The characterisation with XPS 
and ATR-IR was explicit and effortless, which means that chemical changes within the 
closed films are easy to follow. 
 
8.3 Open films of nanosized cellulose 
   The chemical changes proved to be very difficult to impose on the closed, smooth cellulose 
films, which is understandable taken the relatively inert nature of cellulose. The smoothness 
of the closed films is a hindrance to finding morphological changes after treatments like 
wetting and drying. With a simple manipulation of the spin coating parameters, the method of 
Chapter 5 was transformed to produce open cellulose films where conspicuous domains of 
cellulose were found with the silicon substrate between them. The remarkable feature of the 
cellulose domains was their small size and the dimensions: laterally reminiscent of fibres 
with a longitudinal arrangement (20×100 nm) and vertically only 1 nm high. The existence of 
these open films alone offers a unique example of the supramolecular arrangement of 
cellulose after its hydrolysis from TMSC. Furthermore, we demonstrated in Chapter 6 that 
they can be used to study morphological changes during mild, non-chemical treatments such 
as wetting and drying – something that the closed, smooth films did not comply with. The 
small height of the cellulose features also enables reproducible and accurate volumetric 
quantification with AFM. The often quoted inaccuracy of the lateral dimension in the AFM 
was shown not to be the case because of the small size of the cellulose patches. 
   The nanosized films provided an ambiguous advantage, which was also the disadvantage: 
the small amount of cellulose on the surface. While the morphological surveys of cellulose 
domains with an average height of 1 nm offer an attractive medium from the point of view of 
nanotechnology, the films are impossible to characterize with traditional surface analysis, like 
XPS or ATR-IR.  When doing chemical treatments, our proposition would be to use the open 
films for morphological studies and closed films for the chemical studies. Again, the inert 
nature of cellulose makes it difficult to render actual chemical changes in it, especially ones 
which are visible in the morphology. However, harsh treatments such as exposure to fuming 
hydrochloric acid induced dramatic changes in the morphology (Figure 1). 
 
   The ATR-IR of a closed film, exposed to similar conditions as the open film in Figure 1, 
showed a decline in the carbonyl peak of around 1700 cm-1 (not shown), indicating a total 
hydrolysis of cellulose to glucose, thus extinguishing the carbonyl contributions of the 
reducing end groups.  
 
   These surfaces are the first account of open films of cellulose in literature. The abundance 
of cellulose and the gaps in the knowledge of especially amorphous cellulose justifies the 
further research on the nanosized domains. Overall, the open cellulose films offer a wealth of 
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possibilities, some of which are outside the scope of this thesis. One possible use could be as 
a nanosized, polymeric substrate for biosensoring devices, an area of material science very 
prominent nowadays.[11,12] Enzymatic degradation of cellulose is another interesting topic. 
The nanoscale rupture could be followed in the open films and the chemistry in the closed 
films. 
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Figure 1. 5×5 µm2 AFM scans: (a) open film, spin coated from 20 mg/l TMSC solution in 
toluene, with 4000 rpm; (b) same film, treated with fuming hydrochloric acid (37 %) in the 
gas phase. The representative height scan underneath the images is indicated with a white 
line in each image. 
 
8.4 Cellulose domains on cellulose 
   A truly novel discovery in the field of cellulose model surfaces was the introduction of 
eminent cellulose domains on a flat cellulose substrate (Chapter 7). The elegant preparation 
method - starting from spin coating a blend of TMSC and polystyrene and subsequently 
dissolving the polystyrene after TMSC has been hydrolysed to cellulose - is an approach all 
too rare in cellulose chemistry: incorporating a novel aspect of polymer science and turning it 
to a new tool in cellulose research. In addition, the TMSC/polystyrene blends and their 
transformation to cellulose model surfaces demonstrated nicely the quantitative interplay of 
AFM and XPS results. Indeed, the use of AFM is immense in contemporary science and very 
often it is applied merely as an imaging technique. Scientists are far from exploiting the AFM 
to its full potential and simple quantification methods, such as the ones introduced in 
Chapters 6 and 7, are steps towards the progressive direction. 
   The open cellulose films on cellulose were found very late in the project. The applications 
of these new films, therefore, was limited to pilot testing some treatments. One of the simple 
experiments was to heat the cellulose/polystyrene blend to 110OC, thus above the glass 
transition temperature of polystyrene (ca. 100OC[13]). Heating above the glass transition 
temperature with thin polymer films often leads to dewetting, i.e. a breakdown in the film 

    131



Chapter 8 

structure to holes or droplets.[14] There are literature entries where the purpose of the polymer 
blend films has been to stabilise the other component against dewetting.[15] Figure 2 shows 
that polystyrene stays intact on the cellulose bed and no dewetting occurs. 
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Figure 2. (a) TMSC/PS spin coated with a ratio 2:1, TMSC hydrolysed to cellulose 25×25 
µm2 AFM scan; (b) same film annealed in 110OC for 1h, cellulose 20×20 µm2 AFM scan. 
Both figures are height images. The representative height scan underneath the images is 
indicated with a white line in each image. 
 
   Wetting and drying was the other fast trial experiment with the cellulose on cellulose films. 
Figure 3 illustrates a clear morphology change upon wetting and drying: the islands of 
cellulose are transformed into a continuous network. This kind of behaviour indicates a 
considerable mobility of the cellulose chains from one island to another while the film is 
being wetted and dried. 
 
   The morphologies illustrated in Chapter 7 are by no means the only options. Figure 4 
illustrates the case where the TMSC/PS quotas are even (1:1). TMSC seems to arrange itself 
into circular, island-like structures with a mixture of PS and TMSC between them. 
 
   The introduction of cellulose on cellulose films strongly suggests that even the preparation 
methodology of cellulose model surfaces is at an early stage and can be stretched quite a bit 
further. The unparalleled importance of cellulose – in both nature and industry – is an 
argument for fundamental research with the cellulose model surfaces, many times stated in 
this thesis. But the fundamental aspect is not the only one. Cellulose films are largely 
unexplored, for instance, as polymeric coatings often used in microelectronic industry. As 
Figure 2 shows, cellulose can also be used to stabilise more vulnerable polymer films against 
dewetting. Moreover, polystyrene is only one of the seemingly endless family of synthetic 
polymers. Blending cellulose with a polymer resembling lignin, for instance, is an attractive 
prospect from the natural fibres’ point of view. More examples can surely be produced. 
 

 132



Outlook and Conclusion  

4 µm4 µm

0 5 10 15 20 25
0
5

10
15
20

 n
m

0 5 10 15 20 25
0
5

10
15
20

nm

water
immersion

1h

110OC
drying

1h

(a) (b)

µm µm

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. (a) TMSC/PS spin coated with a ratio 2:1, TMSC hydrolysed to cellulose; (b) same 
film, immersed in water for 1 h in room temperature, dried in 110OC for 1h. 25×25 µm2 AFM 
scans, height images. The representative height scan underneath the images is indicated with 
a white line in each image. 
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Figure 4. 25×25 µm2 AFM scans from (a) TMSC/PS spin coated with a ratio 1:1; (b) same 
film with TMSC hydrolysed to cellulose; (c) same film, polystyrene has been removed leaving 
only cellulose on the surface. The representative height scan underneath the images is 
indicated with a white line in each image. 
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8.4 Concluding remarks 
   The link between natural fibres and model surfaces of cellulose is the underlying theme of 
the thesis. The experimental section began with an survey what surface analysis can do if 
combined with the standard bulk testing methods for pulp and paper in Chapters 3 and 4. The 
transition to model surfaces in Chapters 5-7 might seem a little abrupt but one must bear in 
mind that this thesis is one of the only scientific entries where this link is being repeatedly 
established, not only mentioned in the passing. Especially the model surfaces of Chapter 7, 
cellulose domains on a thin cellulose surface, bring the model surfaces nearer to the natural 
environment of cellulose than just a closed film or an open film on silicon – or any other 
inorganic substrate, for that matter. This is done without sacrificing the defined morphology 
and chemistry of the model surfaces. 
   Altogether, the literature on cellulose model surfaces is scarce, which can largely be 
attributed to a conservative mindset combined with a relative novelty of the model surface 
approach, especially with organic substances. However, already in the past two years the 
interest on cellulose model surfaces has gathered substantial growth in interest,[3-5] and this 
increase is likely to continue. After all, no modern wood chemist could imagine his or her 
discipline without the knowledge gained from the experiments with lignin and carbohydrate 
model compounds. These model compounds have been crucial in finding out the reactions 
during pulping and bleaching.[16] The model surfaces are also model compounds, cellulose in 
our case, but in addition to the chemistry, also the morphology is defined, giving us two 
distinct parameters instead of one. 
   In summary, we have demonstrated the suitability of surface analysis to natural fibres with 
two different surveys in Chapters 3 and 4. Because of the chemical and morphological 
ambiguity of the wood fibres we have introduced, trialled, and applied three different 
methods to prepare model surfaces of cellulose. Two of these methods result in cellulose 
films which are unprecedented in literature: the nanopatches of Chapter 6 and the micron-
sized cellulose domains on cellulose in Chapter 7. 
 
   On a more general note, the writer of this thesis has enjoyed a privilege of working with 
contemporary surface analysis, such as XPS and tapping mode AFM. Their scientific 
principles are highly developed products of modern science and their functioning is based on 
technology that is, by any standards, cutting edge. Just consider the microelectronics of a 
150kHz vibrating AFM tip leading to a nanometre resolution in the image. The fascinating 
aspect has been to apply these techniques to cellulose – a compound whose presence has been 
felt throughout the history of human culture. It is truly the exchange of information between 
man and nature. 
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SUMMARY 
 
 
   The theme of the thesis was to link together the research aspects of cellulose occurring in 
nature (in natural wood fibres) and model surfaces of cellulose. Fundamental changes in 
cellulose (or fibre) during recycling of paper was a pragmatic aspect which was retained 
throughout the thesis with varying emphasis. 
   The applicability of the surface analytical methods of X-ray Photoelectron Spectroscopy 
(XPS), Attenuated Total Reflectance Infrared Spectroscopy (ATR-IR), and Scanning 
Electron Microscopy (SEM) to natural fibres is assessed in Chapter 3 and 4. The visual link 
by SEM suggested that changes are, indeed, taking place, for instance, during recycling of the 
fibre. Samples of purely an industrial origin, however, provide great obstacles for scientific 
interpretation (Chapter 3) also due to the lack of correlation in the treatments of the samples. 
Chapter 4 is a more pronounced example of the contradictions raised by the unclear chemical 
and morphological definitions of natural fibres. A selected species of natural fibres (bleached 
kraft) are given defined treatments in controlled conditions. This laboratory recycling 
procedure shows that the strength properties of the fibres are reduced by only drying and 
wetting the fibre. However, sophisticated surface analysis, like XPS or ATR-IR, fails to 
provide answers to what is really happening within the fibres during wetting and drying. The 
complex chemistry of natural fibres obscures the interpretation. 
   The vagueness of chemical and morphological qualities in natural fibres pointed the way 
towards a model surface approach, which eventually spawned three individual methods to create 
three different surfaces. Because of the feeble literature on cellulose model surfaces, a novel 
method for preparation was devised. The method, described in Chapter 5, served as a basis for 
two additional cellulose surfaces: open films of nanosized cellulose (Chapter 6) and cellulose 
domains on cellulose (Chapter 7). Both of the latter cellulose films are unprecedented in 
literature. 
   The novel method to prepare conventional, closed films of cellulose (Chapter 5) involved first 
derivatizing the otherwise immiscible cellulose into a hydrophobic derivative, trimethylsilyl 
cellulose (TMSC). TMSC dissolves easily into hydrophobic solvents and the solution can be 
spin coated onto a smooth substrate (silicon or gold). The TMSC is then hydrolysed to cellulose 
by a vapour phase acid hydrolysis which leaves the smooth morphology from spin coating 
intact. This method is fast and reproducible, resulting in ca. 20 nm closed films of cellulose with 
a roughness variation of 2-3 nm. The chemical properties of the films were analysed by XPS and 
ATR-IR. The morphology was investigated by Atomic Force Microscopy (AFM). 
   As the concentration of the spin coating solution was decreased by a factor of 500 to that used 
in Chapter 5, the cellulose formed open films upon its hydrolysis from TMSC (Chapter 6). In 
these open films, the cellulose formed nanosized structures (100x50x1 nm) on a flat silicon 
substrate. A method for determining the volume of the cellulose patches by AFM data was 
established. Open films and the volume analysis were tested on a wetting/drying experiment 
which suggested supramolecular rearrangements of cellulose during drying - a link to the 
recycling application. 
   A truly novel morphology in cellulose model surfaces was established in Chapter 7. TMSC 
was blended with polystyrene and the blend was spin coated, resulting in laterally segregated 
films. The TMSC was then hydrolysed to cellulose and the polystyrene removed by a 
hydrophobic solvent, leaving conspicuous cellulose domains on a sublayer (3-7 nm) of cellulose. 
The cellulose domains were micrometers in lateral dimensions, 10-15 nm in height. The 
cellulose on cellulose films overcome the traditional limitation of organic model surfaces on 
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inorganic substrates: the incompatibility of the two, which may result in difficulties upon 
treatments of the model surfaces. 
   The thesis provides insight to the difficulties of drawing reliable conclusions on samples from 
natural fibres. It also illustrates the challenges of preparing cellulose model surfaces. These 
challenges were the main reason why the latter part turned out to be methodology oriented. The 
thesis establishes two completely new cellulose model surfaces and provides a firm basis for 
their applications to come. 
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SAMENVATTING 
 
 
   Het thema van dit proefschrift was het koppelen van de onderzoeksaspecten van cellulose 
zoals dat voorkomt in de natuur (van natuurlijke houtvezels) met modeloppervlakken van 
cellulose. Fundamentele veranderingen in cellulose (of vezels) tijdens het recyclen van papier 
waren een pragmatisch aspect dat met wisselende nadruk in gedachte werd gehouden in het 
proefschrift. 
De toepasbaarheid van de oppervlaktegevoelige analysetechnieken zoals Röntgen 
Fotoelektron Spectroscopie (XPS), Attentuated Totale Reflectance Infrared Spectroscopy 
(ATR-IR), en Scanning Electronen Microscopie (SEM) op natuurlijke vezels wordt 
behandeld in Hoofdstuk 3 en 4. De visuele link verkregen door de SEM suggereert inderdaad 
dat er veranderingen optreden, bijvoorbeeld bij het recyclen van de vezel. Echter, preparaten 
van industriële origine zijn moeilijk te interpreteren (Hoofdstuk 3), onder andere door het 
gebrek aan samenhang in de behandeling van deze preparaten. Hoofdstuk 4 geeft een 
duidelijker voorbeeld van de tegenstrijdigheden die ontstaan door de slecht gedefiniëerde 
chemische en morfologische samenstelling van natuurlijke vezels. Een aantal preparaten van 
natuurlijke vezels (gebleekte pulp) is selectief behandeld in gecontroleerde omstandigheden. 
Deze recycling procedure op labschaal toont aan dat de sterkte van de vezels afneemt door ze 
alleen te drogen en opnieuw te bevochtigen. Specifieke oppervlakte-gevoelige technieken, 
zoals XPS of ATR-IR, kunnen geen antwoord geven op de vraag wat er werkelijk gebeurt in 
de vezels tijdens het droog- en bevochtigingsproces. De gecompliceerde chemie van de 
natuurlijke vezels maskeren de interpretatie. 
   De onduidelijke chemische en morfologische samenstelling van de natuurlijk vezels leidde 
tot het gebruik van modeloppervlakken. Dit resulteerde uiteindelijk in drie methoden om drie 
verschillende oppervlakken te maken. Doordat er slechts weinig literatuur voorhanden is 
betreffende cellulose-modeloppervlakken, was er een nieuwe synthese methode ontwikkeld. 
Deze aanpak, beschreven in Hoofdstuk 5, diende als basis voor twee nieuwe cellulose-
oppervlakken: open films van cellulose op nano-schaal (Hoofdstuk 6) en cellulosedomeinen 
op cellulose (Hoofdstuk 7). De twee laatstgenoemde zijn nog niet eerder in de literatuur 
beschreven. 
   De nieuwe methode om conventionele, gesloten films van cellulose (Hoofdstuk 5) te 
bereiden bestond eruit de normaliter onoplosbare cellulose eerst aan te passen tot het 
hydrofobe derivaat trimethylsilylcellulose (TMSC). TMSC lost eenvoudig op in hydrofobe 
oplosmiddelen en deze oplossing kan dan aangebracht worden op een vlak substraat (silicium 
of goud) via spin coating. De TMSC is vervolgens gehydroliseerd tot cellulose door 
hydrolyse in een zuurdamp die de vlakke morfologie van de spincoating intact laat. Deze 
methode is snel en reproduceerbaar, en resulteert in ca. 20 nm gesloten films van cellulose 
met een oneffenheidvariatie van 2-3 nm. De chemische eigenschappen van de films zijn 
geanalyseerd m.b.v. XPS en ATR-IR. De morfologie was onderzocht m.b.v. Atomaire Kracht 
Microscopie (AFM). 
   Door de concentratie van de oplossing voor het spincoaten te verdunnen met een factor 500 
ten opzichte van die gebruikt in Hoofdstuk 5 werden open films gevormd door de cellulose 
tijdens de hydrolyse van TMSC (Hoofdstuk 6). In deze open films vormde de cellulose 
structuren op nanoschaal (100x50x1 nm) op een vlak siliciumsubstraat. Een methode om het 
volume van de cellulosegebiedjes te bepalen met behulp van AFM is ontwikkeld. Open films 
en de methode voor volumeanalyse zijn getest in een bevochtig/droog experiment. Hieruit 
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blijkt dat supramoleculaire herordeningen van cellulose plaatsvinden tijdens het drogen – een 
relatie naar het recycle toepassingsgebied. 
   Een werkelijk nieuwe morfologie in cellulose-modeloppervlakken is aangetoond in 
Hoofdstuk 7. TMSC werd gemengd met polystyreen en dit werd gespincoat. Dit resulteerde 
in lateraal gescheiden films. De TMSC werd vervolgens gehydroliseerd tot cellulose en de 
polystyreen verwijderd met een hydrofoob oplosmiddel, daarbij merkwaardige cellulose 
domeinen achterlatend op een laag (3-7 nm) van cellulose. Deze cellulosedomeinen zijn in de 
orde van micrometers breed, en hebben een hoogte van 10-15 nm. De cellulose op 
cellulosefilms lossen de traditionele tekortkoming van een organisch modeloppervlakken op 
anorganische substraten op: de compatibiliteit van de twee kan tot moeilijkheden in het 
behandelen van de modeloppervlakken leiden. 
   Dit proefschrift geeft inzicht in de moeilijkheden om betrouwbare conclusies te trekken uit 
preparaten van natuurlijke vezels. Het toont ook de uitdagingen aan om cellulose-
modeloppervlakken te bereiden. Deze uitdagingen zijn de belangrijkste reden waarom het 
laatste gedeelte van het proefschrift vooral is toegespitst op de morfologie. Het proefschrift 
beschrijft twee volledig nieuwe cellulose-modeloppervlakken en geeft een stevige basis van 
hun toepasbaarheid. 
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YHTEENVETO 
 
   Luonnossa esiintyvän kuidun ja selluloosan mallipintojen välinen yhteys on väitöskirjan 
keskeinen aihe. Kierrätyskuidussa tapahtuvat perustavaa laatua olevat muutokset 
muodostavat käytännön näkökulman, joka esiintyy väitöskirjassa vaihtelevin painotuksin. 
   Röntgen fotoelektronispektroskopian (XPS), vaimennetun kokonaisheijastus- 
infrapunaspektroskopian (ATR-IR) ja pyyhkäisyelektronimikroskopian (SEM) soveltuvuutta 
kuituanalyysiin testattiin luvuissa 3 ja 4. SEM osoitti, että kierrätyksen aikana tapahtuvat 
muutokset kuidussa ovat mikroskopian keinoin selvästi nähtävissä. Teollisuudesta saadut 
näytteet pystyttiin analysoimaan, mutta tulosten tulkinta oli hankalaa, koska näytteiden 
alkuperät olivat hajanaisia, eli näytteiden välinen korrelaatio puuttui (Luku 3). Luvussa 4 
käsiteltyjä näytteitä on yhdenmukaistettu siten, että valkaistu sulfaattisellu kävi läpi 
laboratoriokierrätyksen, ja näytteet analysoitiin standardoiduilla sellu- ja 
paperianalyysimenetelmillä. Tulokset osoittivat, että pelkkä kuidun kostuttaminen ja 
kuivaaminen heikentää sen lujuusominaisuuksia, mutta XPS ja ATR-IR eivät antaneet tietoja 
mahdollisista pintakemiallisista muutoksista kuidussa. Kuidun monimutkainen kemiallinen 
koostumus vaikeutti osaltaan tulkintaa. 
   Selluloosan mallipintoihin siirryttiin pitkälti niiden yksinkertaistetun ja tarkasti määritellyn 
kemiallisen koostumuksen ja morfologian vuoksi. Koska selluloosan mallipinnoista on 
sangen niukasti kirjallisuutta, valmistusmenetelmät jouduttiin uusimaan ja 
yksinkertaistamaan, eli väitöskirjan loppupuoli painottui pitkälti metodiikkaan. Luvussa 5 
käsiteltyä valmistusmenetelmää mukailemalla pystyttiin valmistamaan kaksi aikaisemmin 
julkaisematonta selluloosapintaa: avoimet filmit nanokokoisista selluloosayksiköistä (Luku 6) 
sekä avoimet selluloosafilmit selluloosapinnalla (Luku 7).  
   Luvun 5 yksinkertaistetussa valmistusmenetelmässä niukkaliukoisesta selluloosasta 
syntetisoitiin aluksi hydrofobinen derivaatta, trimetyylisilyyliselluloosa (TMSC). TMSC 
liukenee helposti hydrofobisiin liuottimiin, joten TMSC voidaan kasvattaa liuoksesta sileälle 
pii- tai kultasubstraatille ns. spin coating –menetelmällä. Ohutkalvon kasvatuksen jälkeen 
TMSC hydrolysoitiin takaisin selluloosaksi happohydrolyysillä kaasufaasissa, joka ei tuhoa 
spin coatingissa syntynyttä sileätä morfologiaa. Atomivoimamikroskopia (AFM) osoitti 20 
nm paksujen filmien karheudeksi 10-15 % (2-3 nm). Filmien kemiallinen koostumus 
analysoitiin XPS ja ATR-IR –menetelmillä. 
   Kun TMSC-liuoksen konsentraatiota pienentää 500-kertaiseksi siitä, mitä tarvittiin 18 nm 
paksujen filmien valmistamiseen, hydrolyysi aiheutti suljetun TMSC filmin muuttumisen 
avoimeksi selluloosafilmiksi (Luku 6). Tämä avoin filmi koostui nanokokoisista 
selluloosayksiköistä (ca. 150×20×1 nm) sileällä piipinnalla. Selluloosayksiköiden tilavuus 
pystyttiin määrittelemään AFM:n kolmiuloitteisesta informaatiosta, mikä auttoi pintojen 
toistettavuuden havainnollistamisessa. Tilavuusanalyysiä ja AFM tietoja käytettiin myös 
analysoimaan kostutettujen sellupintojen kuivumista ja siitä seuraavia supramolekulaarisia 
muutoksia.  
   Luvussa 7 esitetään täysin uudenlainen selluloosapinnan valmistusmenetelmä. TMSC 
sekoitettiin liuoksessa polystyreenin kanssa, ja seoksesta valmistettiin filmi spin coating –
menetelmällä. Tuloksena oli kahden polymeerin erottuminen omiin muutamien mikrometrien 
kokoisiin yksiköihinsä. TMSC:n hydrolysointi selluloosaksi muutti filmin 
polymeeriseospinnaksi, joka koostuu sekä hydrofobisesta että hydrofiilisestä polymeeristä. 
Tällaisesta pinnasta on helppo liuottaa polystyreeni selektiivisellä hydrofobisella liuottimella 
siten, että selluloosa jää vahingoittumattomana ainoaksi komponentiksi filmissä. AFM-
analyysi osoitti, että muutamien mikrometrien kokoiset selluloosayksiköt, jotka ovat vain 10-
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15 nm korkeita, lepäävät suljetulla selluloosapinnalla: hydrofiilisempi TMSC nimittäin 
muodostaa suljetun pinnan hydrofiilisen piin ja TMSC/polystyreeni –jaoksen alle spin 
coatingin aikana. Nämä avoimet selluloosafilmit suljetulla selluloosapinnalla ovat monin 
tavoin varteenotettavia. Niissä ei ole esimerkiksi orgaanisen mallipinnan yleisintä ristiriitaa: 
epäorgaaninen substraatti on fysikaalisesti ja kemiallisesti täysin erilainen filmin materiaaliin 
verrattuna, mikä saattaa aiheuttaa ongelmia esim. lämpökäsittelyssä.  
   Väitöskirjassa tulevat esille selluloosakemian tavanomaisimmat haasteet: monimutkaisen 
kemian ja morfologian aiheuttamat vaikeudet tulkita kuitunäytteistä saatuja tuloksia sekä 
puhtaan selluloosan vaikean käsittelyn sen liukenemattomuuden tähden. Jälkimmäinen 
hankaloittaa tuntuvasti selluloosan mallipintojen valmistusta, mutta tässä väitöskirjassa 
onnistuttiin kehittämään kolme uutta valmistusmenetelmää. Kahdella näistä kolmesta 
menetelmästä saadaan aikaan selluloosapintoja, joiden morfologia ei ole tunnettu 
aikaisemmin julkaistussa kirjallisuudessa. Näiden mallipintojen sovelluksille esitetään useita 
esimerkkejä. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    141



ACKNOWLEDGEMENTS 
 
 
   First, I would like to thank Tiny for making the experimental work possible by taking care, 
maintaining, and troubleshooting the equipment in our lab as well as helping me to 
understand the XPS spectra a bit better. 
   Second, I want to acknowledge Peter for being the optimal coach. Generating new ideas, 
tackling the problems, and sometimes literally sitting beside me until the job was done 
greatly affected the outcome of this thesis. 
   Third, I thank Hans for his supervision. Being persistent during my sloppy moments, yet 
granting me the freedom to pursue my own ideas are qualities I respect. Moreover, the tips on 
how to present my work are no small matters concerning my future carrier. 
These people were of course doing their jobs. However, they did it in the manner that turned 
out to be most pleasant and they were the persons who had the biggest direct influence on my 
work. 
 
   I am indebted to the EET project for its financial support and all the people therein who 
worked with me. Thanks to Richard op den Kamp in ATO for performing the recycling 
simulation used in Chapter 4. Robin Sinke and Richard in ATO and Farid El-Farissi in 
Wageningen are acknowledged for the theoretical considerations concerning recycling, and 
Farid is further acknowledged for performing the ellipsometry for Chapter 5. Thanks to 
Ewout Deurwaarder for being my predecessor. Many thanks also to Loud van Kessel and 
Annita Westenbroek for pragmatic assistance, pleasant company and overall support. Special 
thanks to Monica Lopez Lorenzo who shared my fate, being the other PhD student in the 
project. 
 
   I thank Tapani Vuorinen for the contact that provided me the PhD position in Eindhoven in 
the first place. Furthermore, I appreciate you for introducing me to the field of cellulose 
chemistry with a more scientific point of view in mind. 
 
   Daan Wouters and Sasha Alexeev are acknowledged for always taking the time to help me 
with the AFM during the long sessions in the windowless room. Thanks also to Joachim Loos 
for getting me started with the SEM and Gerwin Kirchner in TNO for letting me use the 
profilometer. Furthermore, I thank Marc Koetse who initially suggested the use of gold 
substrates to gain a better ATR spectrum. I also thank Ritva Kivelä for instructions and many 
valuable tips in the TMSC synthesis. Wout, thank you for building the humidity chamber for 
the ATR and fixing the equipment. 
 
   Many thanks to all the members of our Surface Science group, past and present: Dani, 
Davy, Emiel, Han, Svetlana, Abdool, CP, Adelaida, Dilip, Neelesh, Emiel H., Bruce, Ben, 
Armando, Wouter, Leon, Stefania, Diana, Chen, Maarten, Jos, Therese-Anne, Sander, and 
Marianne. I appreciate that everyone was always ready to help me when needed. What more, 
it was nice to see you casually engaging in conversations of a more philosophical nature after 
the slightest insinuation. A very special additional thanks to Armando and Sander for the 
years in the same office. 
 

 142



   The borrelcommittee is acknowledged for arranging the drunken Friday evenings: Niek, 
Ruben, Erik, Thijs, and Jos. It was very nice that usually at least one of you stayed for the 
post nine o'clock sessions. I also thank the other people in SKA participating with me in 
various activities - be it the borrell, coffee, group activity, or a casual chat, namely Chretien, 
Bouke, Christian, Maria, Nollaig, Gijsbert, Mabel, Joost, Katharina, Rob, Joyce, Susanne, 
Jarl, Gabriela etc. Special thanks to Michiel for lending the synthesis equipment whenever I 
asked for it. 
 
   For a particular ambulatory assistance during my PhD years I thank Gwenda, Minna, 
Roland, Michiel, Sander, Tiny, Mari, Michaela, Abdool, Wouter, Reetta, Sampsa, Antti, 
Toida, Iiro, and especially Rafael and Orlando. And Eeva. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    143



LIST OF PUBLICATIONS 
 
 
 
Kontturi, E.; Thüne, P.C.; Niemantsverdriet, J.W. “Novel method for preparing cellulose 
model surfaces by spin coating” Polymer 2003, 44, 3621. 
 
Kontturi, E.; Thüne, P.C.; Niemantsverdriet, J.W. “Cellulose model surfaces – simplified 
preparation and characterization by X-ray photoelectron spectroscopy, infrared spectroscopy, 
and atomic force microscopy” Langmuir 2003, 19, 5735. 
 
Kontturi, E.; Thüne, P.C.; Alexeev, A.; Niemantsverdriet, J.W. “Introducing open films of 
nanosized cellulose – atomic force microscopy and quantification of morphology” Submitted 
for publication in Polymer. 
 
Kontturi, E.; Thüne, P.C.; Niemantsverdriet, J.W. “Trimethylsilyl cellulose / polystyrene 
(TMSC/PS) blends as a means to construct cellulose domains on cellulose” Manuscript in 
preparation. 
 
Conference proceedings: 
 
Kontturi, E.; Thüne, P.C.; Deurwaarder, E.; Niemantsverdriet, J.W. “Surface chemistry of 
fibres in recycling processes” COST Action E11 – Research Techniques for Tomorrow’s 
Papermaking, October 4-5, 2001; Hanasaari, Finland, pp. 83-88. 
 
Kontturi, E.; Thüne, P.C.; Niemantsverdriet, J.W. “A novel method for creating cellulose 
model surfaces with spin coating” 12th International Symposium on Wood and Pulping 
Chemistry, June 9-12, 2003; Madison, USA; Volume I, Oral Presentations, pp. 293-296. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 144



CURRICULUM VITAE 
 

 
 
Eero Kontturi was born on 20th December 1974 in Espoo, Finland. He matriculated in 1993 
from Etelä-Tapiolan Lukio in Espoo. The following year, after a compulsory military service, 
he began his studies at the Helsinki University of Technology in the faculty of Forest 
Products Technology. He majored in wood chemistry in the laboratory of prof. T. Vuorinen, 
eventually graduating in 2001 as an M.Sc. In the same year he emigrated to Eindhoven in the 
Netherlands to embark on a four year project for a PhD, focused on the surface chemistry of 
cellulose. The work resulting in the PhD degree was done under the supervision of prof. J.W. 
Niemantsverdriet in the laboratory of Inorganic Chemistry and Catalysis. The main body of 
that work and its conclusions are presented in this thesis. 
 
 
 

    145


	SURFACE CHEMISTRY OF CELLULOSE
	
	from natural fibres to model surfaces
	PROEFSCHRIFT


	Eero Jaakko Kontturi

	Contents.pdf
	CONTENTS
	LIST OF ABBREVIATIONS

	Chapter 1 - final.pdf
	1
	GENERAL INTRODUCTION
	
	1.1 General
	1.2 Molecular structure
	1.3 Supramolecular structure
	1.4 Cellulose in nature – introduction to wood ch
	1.5 Ligno-cellulosics in industry – application o
	1.6 Model surfaces of cellulose
	1.7 Scope of the thesis
	References



	Chapter 2 - final.pdf
	2
	HARDWARE
	
	2.1 Introduction
	2.2 X-ray Photoelectron Spectroscopy (XPS)
	2.3 Attenuated Total Reflectance Infrared Spectroscopy (ATR-IR)
	2.4 Scanning Electron Microscopy (SEM)
	2.5 Stylus profilometry
	2.6 Atomic Force Microscopy
	2.7 Spin coating
	2.8 Pulp and paper testing
	2.8.1 Fibre analysis
	2.8.2 Pulp analysis
	2.8.3 Paper analysis
	References



	Chapter 3 - final.pdf
	3
	
	
	
	
	
	
	
	CHARACTERIZATION OF INDUSTRIAL PULP SAMPLES








	3.1 Introduction
	3.2 Experimental
	
	Materials
	Methods


	3.3 Results and discussion
	3.3.1 Bulk properties
	3.3.2 XPS
	3.3.3 ATR-IR
	3.3.4 SEM

	4. Conclusions
	References

	Chapter 4 - final.pdf
	4
	LABORATORY RECYCLING OF A REPRESENTATIVE PULP SPECIES
	4.1 Introduction
	4.2 Experimental
	4.3 Results and discussion
	4.4 Conclusions
	References

	Chapter 5 - final.pdf
	5
	CELLULOSE MODEL SURFACES - SIMPLIFIED PREPARATION AND CHARACTERIZATION BY XPS, ATR-IR, AND AFM
	5.1 Introduction
	5.2 Experimental
	5.3 Results and discussion
	
	5.3.2 Films on gold substrate


	5.4 Conclusions
	References

	Chapter 6 - final.pdf
	6
	OPEN FILMS OF NANOSIZED CELLULOSE – AFM AND QUANT
	6.1 Introduction
	6.2 Experimental
	6.3 Results and discussion
	
	6.3.1 Introducing the cellulose patches
	6.3.2 Volume quantification of cellulose patches
	6.3.3 Accuracy of the volume quantification
	6.3.4 Wetting and drying of the open cellulose films


	6.4 Conclusions
	References

	Chapter 7 - final.pdf
	7
	TRIMETHYLSILYL CELLULOSE / POLYSTYRENE (TMSC/PS) BLENDS AS A MEANS TO CONSTRUCT CELLULOSE DOMAINS ON CELLULOSE
	
	7.1 Introduction
	7.2 Experimental


	Materials. Trimethylsilyl cellulose (TMSC) was prepared from microgranular cellulose and characterized with XPS and ATR-IR as described in Chapters 5 and 6. The degree of substitution of the TMSC was 2.3 (2.3 out of 3 hydroxyls in cellulose replaced b
	
	7.3 Results and Discussion
	7.3.1 Morphology by AFM
	7.3.2 Chemical composition by XPS
	7.3.3 Quantitative survey
	4. Conclusions
	References



	Chapter 8 - final.pdf
	8
	OUTLOOK AND CONCLUSION
	
	8.1 Natural fibres
	8.2 Closed, smooth cellulose films as model surfaces
	8.3 Open films of nanosized cellulose
	8.4 Cellulose domains on cellulose
	8.4 Concluding remarks
	References



	The rest.pdf
	SUMMARY
	YHTEENVETO
	ACKNOWLEDGEMENTS

	LIST OF PUBLICATIONS
	
	
	CURRICULUM VITAE





